Comparative Evaluation Among Three Strucrural Systems For Low-rise Energy Efficient Residential Buildings by Naji, Sareh
  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISTANBUL TECHNICAL UNIVERSITY  GRADUATE SCHOOL OF SCIENCE 
ENGINEERING AND TECHNOLOGY 
 
M.Sc. THESIS 
JUNE 2012 
 
COMPARATIVE EVALUATION 
 AMONG THREE STRUCTURAL SYSTEMS FOR  
LOW-RISE ENERGY EFFICIENT RESIDENTIAL BUILDINGS 
 
Sareh NAJI 
Department of Architecture 
 
Environmental Control and Construction Technology Programme 
 
 
 
Anabilim Dalı : Herhangi Mühendislik, Bilim 
Programı : Herhangi Program 
 
   
     
JUNE 2012 
ISTANBUL TECHNICAL UNIVERSITY  GRADUATE SCHOOL OF SCIENCE 
ENGINEERING AND TECHNOLOGY 
 
COMPARATIVE EVALUATION 
 AMONG THREE STRUCTURAL SYSTEMS FOR  
LOW-RISE ENERGY EFFICIENT RESIDENTIAL BUILDINGS 
 
 
M.Sc. THESIS 
Sareh NAJI 
 (502091546) 
 
Department of Architecture 
 
Environmental Control and Construction Technology Programme 
 
 
 
 
Anabilim Dalı : Herhangi Mühendislik, Bilim 
Programı : Herhangi Program 
 
Thesis Advisor: Prof. Dr. Oğuz Cem ÇELİK 
   
     
HAZİRAN 2012 
İSTANBUL TEKNİK ÜNİVERSİTESİ  FEN BİLİMLERİ ENSTİTÜSÜ 
ENERJİ ETKİN AZ KATLI BİNALARDA 
TAŞIYICI SİSTEM ALTERNATİFLERİNİN KARŞILAŞTIRILMASI 
YÜKSEK LİSANS TEZİ 
Sareh NAJI 
(502091546) 
 
Mimarlık Anabilim Dalı 
 
Çevre Kontrolü ve Yapı Teknolojisi Programı 
 
 
 
Anabilim Dalı : Herhangi Mühendislik, Bilim 
Programı : Herhangi Program 
 
Tez Danışmanı: Prof. Dr. Oğuz Cem Çelik 
 
  
 
v 
 
  
Thesis Advisor :  Prof. Dr. Oğuz Cem. ÇELİK           .............................. 
 İstanbul Technical University  
Jury Members :  Asst. Prof. Dr. M. Cem. ALTUN                      ............................. 
        Asst. Prof. Dr. Meltem ŞAHİN                        .............................. 
 
Sareh-Naji, a M.Sc. student of ITU Graduate School of Science Engineering and 
Technology student ID 502091546, successfully defended the thesis entitled 
“COMPARATIVE EVALUATION AMONG THREE STRUCTURAL 
SYSTEMS FOR LOW-RISE ENERGY EFFICIENT RESIDENTIAL 
BUILDINGS”, which she prepared after fulfilling the requirements specified in the 
associated legislations, before the jury whose signatures are below. 
 
 
Date of Submission : 30 April 2012 
Date of Defense : 8 June 2012 
 
vi 
 
  
vii 
 
 
 
 
To my patient mom, 
 
 
 
  
viii 
 
ix 
 
FOREWORD 
I would like to express my sincere gratitude to my advisor Prof. Dr. Oğuz Cem Çelik 
for being patient with me while developing the thesis, for his constant support, 
encouragement, enthusiasm and immense knowledge. 
I would also like to thank my professors in Tabriz University and my committee 
members in ITU, for sharing time, knowledge and insightful comments. 
My special thanks to Mr. Serdar Öncü, from Akşan®, Mr. Serdar Tavukçu and Mrs. 
Elgiz Eğitim Perver from Ünisite® for sharing their valuable experiences. 
For the non-scientific side of my thesis, I particularly want to thank my mother, her 
love, support and encouragement.  
 
 
 
 
June 2012 
 
Sareh Naji 
(Master of architecture) 
 
 
 
 
 
 
 
 
 
 
 
  
x 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xi 
 
TABLE OF CONTENTS 
Page 
 
FOREWORD ............................................................................................................. ix 
TABLE OF CONTENTS .......................................................................................... xi 
ABBREVIATIONS ................................................................................................ xvii 
LIST OF TABLES .................................................................................................. xix 
LIST OF FIGURES ................................................................................................ xxi 
LIST OF SYMBOLS ............................................................................................. xxv 
SUMMARY .......................................................................................................... xxvii 
ÖZET ...................................................................................................................... xxix 
1. INTRODUCTION .................................................................................................. 1 
1.1 Overview ............................................................................................................ 1 
1.2 Purpose of Thesis ............................................................................................... 1 
1.3 Literature Review ............................................................................................... 2 
1.3.1 Residential construction systems ................................................................ 2 
1.3.2 Energy consumption in residential buildings .............................................. 3 
1.3.3 Environmental assessment of buildings ............................................................ 4 
1.4 Outline ................................................................................................................ 4 
2. SUSTAINABILITY FOR RESIDENTIAL BUILDINGS .................................. 7 
2.1 Aspects of Sustainable  Buildings   .................................................................... 8 
2.2 Materials, Construction, and Sustainability ....................................................... 8 
2.2.1 Energy efficiency ........................................................................................ 9 
2.2.2 Construction practice .................................................................................. 9 
2.2.3 Product selection ....................................................................................... 10 
2.2.4 Reduce material use and manage waste .................................................... 10 
2.3 Light-Weight Structural Systems for Residential Buildings ............................ 10 
2.3.1 Advantages ................................................................................................ 11 
2.3.1.1 Prefabrication ..................................................................................... 11 
2.3.1.2 Lightness ............................................................................................ 12 
2.3.2 Limitations ................................................................................................ 12 
2.4 Methods for Evaluating Sustainability of the Buildings .................................. 13 
2.4.1 Life cycle assessment ................................................................................ 13 
2.4.2 Embodied energy ...................................................................................... 14 
2.4.3 Thermal properties of the materials .......................................................... 15 
2.4.3.1 Insulation ............................................................................................ 15 
2.4.3.2 Thermal mass ..................................................................................... 16 
2.5 Evaluation Tools .............................................................................................. 16 
2.5.1 Structural behavior .................................................................................... 16 
2.5.2 Environmental Performance ..................................................................... 17 
2.5.2.1 Life cycle assessment ......................................................................... 17 
xii 
 
2.5.2.2 Embodied energy ................................................................................ 17 
2.5.2.3 Insulation ............................................................................................ 17 
2.5.2.4 Thermal mass ..................................................................................... 19 
2.5.3 Cost............................................................................................................ 19 
2.5.4 Overal evaluation ...................................................................................... 20 
2.6 Example Building ............................................................................................. 20 
3. WOOD LIGHTWEIGHT STRUCTURAL SYSTEMS  .................................. 25 
3.1 Introduction ...................................................................................................... 25 
3.2 Wood as a Structural Material .......................................................................... 27 
3.2.1 Natural makeup ......................................................................................... 27 
3.2.2 Physical and mechanical properties .......................................................... 28 
3.2.2.1 Factors influencing the strength of timber ......................................... 28 
3.2.2.2 Growth characteristics of wood   ........................................................ 28 
3.2.2.3 Moisture content ................................................................................. 29 
3.2.2.4 Sizes of structural lumber ................................................................... 29 
3.2.3 Grading of structural lumber ..................................................................... 30 
3.2.4 Codes and specifications related to wood construction ............................ 31 
3.3 Construction Practice ....................................................................................... 31 
3.3.1 Components of a wood framed building ................................................... 32 
3.3.1.1 Foundation .......................................................................................... 32 
3.3.1.2 Walls ................................................................................................... 32 
Stud ............................................................................................................. 33 
Header ........................................................................................................ 33 
Trimmer (Jack stud) ................................................................................... 33 
Cripples ...................................................................................................... 34 
Plates .......................................................................................................... 34 
Sheathing .................................................................................................... 34 
3.3.1.3 Floors .................................................................................................. 35 
Joists ........................................................................................................... 35 
Rim joist ..................................................................................................... 36 
Blocking and bridging ................................................................................ 37 
Subflooring ................................................................................................. 37 
3.3.1.4 Stairs ................................................................................................... 37 
3.3.1.5 Roof .................................................................................................... 38 
3.3.2 Assembling the structural members and erecting the frame ..................... 39 
3.4 Structural Calculations ..................................................................................... 42 
3.4.1 Design criteria ........................................................................................... 42 
3.4.1.1 Beam design ....................................................................................... 43 
Design for longtitutal bending stress-parallel to grain ............................... 43 
Design for shear ......................................................................................... 44 
3.4.1.2 Column design .................................................................................... 45 
Design for compression .............................................................................. 45 
Design for combined bending and compression ........................................ 47 
3.4.2 Structural analysis and design of the example building ............................ 47 
3.4.2.1 Material properties ............................................................................. 48 
3.4.2.2 Load definition ................................................................................... 51 
3.4.3 Column design for example building ........................................................ 53 
3.4.3.1 Design for compression ...................................................................... 53 
3.4.3.2 Checks for combined bending and compression ................................ 58 
3.4.4 Beam design  ............................................................................................. 59 
xiii 
 
3.4.4.1 Design for bending ............................................................................. 60 
3.4.4.2 Shear check ........................................................................................ 61 
3.5 Environmental Performance Calculations ........................................................ 61 
3.5.1 Embodied Energy ...................................................................................... 61 
3.5.2 Insulation ................................................................................................... 62 
3.5.3 Thermal mass ............................................................................................ 64 
3.6 General Remarks .............................................................................................. 64 
4. LIGHT GAUGE STEEL FRAMING ................................................................ 65 
4.1 Introduction ...................................................................................................... 65 
4.2 Cold-formed Steel as a Structural Material ...................................................... 66 
4.2.1 Mechanical properties ............................................................................... 66 
4.2.1.1 Stress-strain curve .............................................................................. 66 
4.2.1.2 Modulus of elasticity .......................................................................... 67 
4.2.1.3 Shear modulus .................................................................................... 67 
4.2.1.4 Ductility ............................................................................................. 67 
4.2.2 Factors influencing the strength of the cold-formed steel ......................... 67 
4.2.2.1 Local buckling and post buckling strength ........................................ 68 
4.2.2.2 Torsional rigidity ................................................................................ 68 
4.2.2.3 Stiffeners in compression elements .................................................... 68 
4.2.2.4 Thickness limitations ......................................................................... 68 
4.2.2.5 Temperature ....................................................................................... 69 
4.2.3 Codes and specifications related to light gauge steel construction  .......... 69 
4.2.4 Components of light gauge steel frames ................................................... 69 
4.2.4.1 C-Shaped (Cee) Sections.................................................................... 70 
4.2.4.2 Tracks ................................................................................................. 70 
4.3 Construction Methods for Light Gauge Steel Framing .................................... 71 
4.4 Structural Design of Light Gauge Steel Members ........................................... 75 
4.4.1 Design criteria ........................................................................................... 75 
4.4.1.1 Design for bending ............................................................................. 75 
4.4.1.2 Design for lateral torsional buckling .................................................. 75 
4.4.1.3 Design for shear ................................................................................. 76 
4.4.1.4 Design for combined shear and bending ............................................ 77 
4.4.1.5 Design for axial loads......................................................................... 78 
4.4.1.6 Design for combined axial load and bending ..................................... 79 
4.5 Structural Analysis and Design of the Example Building Using Light Gauge 
Steel Materials ................................................................................................. 79 
4.5.1 Load definition .......................................................................................... 79 
4. 5.2 Structural analysis and design .................................................................. 81 
4.5.2.1 Column design ................................................................................... 82 
Design for compression .............................................................................. 82 
4.5.2.2 Beam design ....................................................................................... 86 
 Bending checks ......................................................................................... 87 
 Shear checks .............................................................................................. 88 
4.6 Environmental Performance Calculations ........................................................ 89 
4.6.1 Embodied energy ...................................................................................... 89 
4.6.2 Insulation ................................................................................................... 89 
4.6.3 Thermal mass ............................................................................................ 91 
4.7 General Remarks .............................................................................................. 91 
5. STRUCTURAL 3D SANDWICH PANELS ...................................................... 93 
5.1 Introduction ...................................................................................................... 93 
xiv 
 
5.2 3D Panels as Structural Members..................................................................... 94 
5.2.1 Mechanical properties ............................................................................... 94 
5.2.1.1 Stress-Strain curve .............................................................................. 94 
5.2.1.2 Modulus of elasticity .......................................................................... 94 
5.2.2 Structural behavior .................................................................................... 95 
5.2.3 Codes and specifications related to 3D panel system construction ........... 95 
5.3  Materials and Properties .................................................................................. 95 
5.3.1 Polystyrene (EPS) ..................................................................................... 95 
5.3.2 Meshes ....................................................................................................... 97 
5.3.3 Concrete .................................................................................................... 98 
5.4  Components of 3D Panel Systems .................................................................. 98 
5.4.1 Walls.......................................................................................................... 98 
5.4.2 Floors ....................................................................................................... 100 
5.4.3 Stairs ........................................................................................................ 100 
5.5  Construction .................................................................................................. 101 
5.5.1 Installing the panels ................................................................................. 101 
5.5.2 Shotcrete .................................................................................................. 105 
5.6  Structural Calculations .................................................................................. 109 
5.6.1 Design criteria ......................................................................................... 109 
5.6.1.1 Design for bending moment ............................................................. 109 
5.6.1.2 Design for shear ............................................................................... 110 
5.6.1.3 Design for combined bending and compression .............................. 110 
5.6.1.4 Design for in-plane shear ................................................................. 111 
5.6.2 Analysis and design of the example building using 3D panels ............... 112 
5.6.2.1 Load definition ................................................................................. 112 
5.6.2.2 Material properties ........................................................................... 114 
5.6.2.3 Structural analysis and design of the example building ................... 114 
5.7  Environmental performance calculations ...................................................... 116 
5.7.1 Embodied Energy .................................................................................... 116 
5.7.2 Insulation ................................................................................................. 117 
5.7.3 Thermal mass .......................................................................................... 119 
5.6 General Remarks ............................................................................................ 119 
6. COMPARISON .................................................................................................. 121 
6.1 Comparison Based on Previous Studies ......................................................... 121 
6.1.1 Embodied energy..................................................................................... 121 
6.1.2 Life cycle assessment .............................................................................. 123 
6.2 Comparison Based on This Thesis ................................................................. 124 
6.2.1 Structural behavior .................................................................................. 124 
6.2.1.1 Building weight ................................................................................ 125 
6.2.1.2 Story shears ...................................................................................... 125 
6.2.1.3 Story drifts ........................................................................................ 126 
6.2.1.4 Modal information ............................................................................ 127 
6.2.2 Energy efficiency .................................................................................... 128 
6.2.2.1 Insulation .......................................................................................... 128 
6.2.2.2 Thermal mass ................................................................................... 129 
6.2.3 Cost.......................................................................................................... 130 
7. ASSESSMENT ................................................................................................... 131 
8. CONCLUSIONS................................................................................................. 135 
8.1 Practical Application of This Study ............................................................... 135 
8.2 Future Works .................................................................................................. 136 
xv 
 
REFERENCES ....................................................................................................... 139 
APPENDICES ........................................................................................................ 143 
CURRICULUM VITAE ........................................................................................ 157 
 
 
 
xvi 
 
xvii 
 
ABBREVIATIONS 
IBC : International Building Code 
EPS : Expanded polystyrene 
LCA : Life Cycle Assessment 
LRFD : Load and Resistance Factor Design 
LVL : Laminated Vinyl Lumber 
NDS : National Design Specifications 
OSB : Oriented Standard Board 
TTC : Thermal Time Constant 
 
 
 
 
  
xviii 
 
xix 
 
LIST OF TABLES 
Page 
Table 2.1   : Aspects of sustainable building .............................................................. 8 
Table 3.1   : Characteristics of white oak- Elastic modulus. ..................................... 48 
Table 3.2   : Characteristics of white oak-strength .................................................... 48 
Table 3.3   : Dead load values of floors and roof for the example light wood framed 
structure. ................................................................................................ 49 
Table 3.4   : Dead load values of interior and exterior walls for the example light 
wood framed building. .......................................................................... 49 
Table 3.5   : Seismic coefficients for wood light frame structure. ............................ 51 
Table 3.6   : Load combinations used in designing wood light frame structure ....... 51 
Table 3.7   : Sections used in primary stages of design. ........................................... 52 
Table 3.8   : Checks for compression members-Walls WA5-WB5. ......................... 54 
Table 3.9   : Checks for proposed sections for insufficient members under 
compression-Walls WA5-WB5. ............................................................ 57 
Table 3.10 : Checks for compression members-Walls W10. .................................... 57 
Table 3.11 : Checks for proposed sections for insufficient members under     
compression-Walls W10. ...................................................................... 58 
Table 3.12 : Checks for joist sections under bending. .............................................. 60 
Table 3.13 : Checks for joist sections under shear. ................................................... 61 
Table 3.14 : Calculations for embodied energy of wood light frame building ......... 62 
Table 3.15 : Calculations for U-values of an exterior wall- wood light frame 
structure ................................................................................................. 63 
Table 3.16 : Calculations for TTC per area- wood light frame structure .................. 64 
Table 4.1   : Dead load values of floors and roof for the example light gauge steel  
framed building. .................................................................................... 79 
Table 4.2   : Dead load values of interior and exterior walls for the example light 
gauge steel framed building. ................................................................. 80 
Table 4.3   : Seismic coefficient of the building ....................................................... 80 
Table 4.4   : Load combinations used in design of structure. .................................... 81 
Table 4.5   : Column axial loads and capacities for studs of W5 wall- Light gauge 
steel design. ........................................................................................... 85 
Table 4.6   : Bending moment loads and capacities for studs of W5 wall- Light 
gauge steel design .................................................................................. 86 
Table 4.7   : Flexural checks for light gauge steel beams. ........................................ 88 
Table 4.8   : Shear checks for light gauge steel beams.............................................. 88 
Table 4.9   : Calculations for embodied energy of light gauge steel building .......... 89 
Table 4.10  : Calculations for U-values of an exterior wall- light gauge steel frame 
structure ................................................................................................ 90 
Table 4.11   : Calculations for TTC per area- light gauge steel frame structure ....... 91 
Table 5.1   : Rebound for shotcrete on various surface ........................................... 107 
xx 
 
Table 5.2   : Dead load values of floors and roof for the example 3d panel building
 ............................................................................................................. 112 
Table 5.3   : Dead load values of interior and exterior walls for the example 3d panel 
building. ............................................................................................... 113 
Table 5.4  : Seismic coefficients of the example building in 3D panel design ....... 113 
Table 5.5  : Load combinations of the example building in 3D panel design.. ....... 114 
Table 5.6  : D/C ratios for walls of the 3D panel system obtained from ETABS 
software.  . ............................................................................................ 115 
Table 5.7  : Calculations for embodied energy of 3D panel building ..................... 117 
Table 5.8  : Calculations for U-values of an exterior wall- 3D panel. .................... 118 
Table 5.9  : Calculations for TTC per area- 3D wall panel. .................................... 119 
Table 6.1  : Total weight of each alternative structural system. .............................. 125 
Table 6.2  : Modal information for each alternative structural system. .................. 128 
Table 6.3  : U-values for three alternative structural systems ................................. 129 
Table 6.4  : TTC per area values for structural systems. ......................................... 129 
Table 6.5  : Construction cost per m
2
 for a two story single house. ........................ 130 
Table 7.1    : Ranking of the structures in terms of economy, durability, and energy 
efficiency.. .......................................................................................... 131 
xxi 
 
LIST OF FIGURES 
Page 
 
Figure 2.1   : Plan of the example building- Ground floor (AKKON®). ................. 21 
Figure 2.2   : Plan of the example building-First floor (AKKON®).. ...................... 21 
Figure 2.3   : Dimensions of ground floor plan in example building- Units in cm. .. 22 
Figure 2.4   : Dimensions of first floor plan in example building- Units in cm........ 22 
Figure 2.5   : North elevation of the example building- Units in m (AKKON®). .... 23 
Figure 2.6   : West elevation of the example building- Units in m (AKKON®). ..... 23 
Figure 3.1   : Typical wooden post-frame building (Kermani, 1999). ...................... 25 
Figure 3.2   : Platform framed structural system (Url-3). ......................................... 26 
Figure 3.3   : Natural make-up in a tree section (Breyer, D, et al. 2007).. ................ 28 
Figure 3.4   : Actual and dressed sizes for (a) dressed, (b) rough-sawn, and (c) full 
sawn lumber (Breyer, D, et al. 2007) .................................................. 30 
Figure 3.5   : Typical grade sample for (a),(b)visually graded structural lumber, (c) 
machine stress rated lumber(Brayer. D, et al. 2007) ........................... 31 
Figure 3.6   : Two kinds of foundation used in construction of wood light frames: (a) 
foundation wall system, (b) Concrete slab foundation (Breyer, D, et al. 
2007) .................................................................................................... 32 
Figure 3.7   : Details of a wooden header (RSMeans, 2008) .................................... 33 
Figure 3.8   : Components of a wooden stud wall (RSMeans, 2008). ...................... 34 
Figure 3.9   : Components of a light weight wooden floor (Allen & Thallon, 2011) 36 
Figure 3.10 : Headers and trimmers in floor openings (RSMeans, 2008). ............... 36 
Figure 3.11  : (a) blocking the joists in wood light frame building (URL2), (b) 
bridging the joists in wood light frame building (Wood Light Frame 
Construction). ...................................................................................... 37 
Figure 3.12  : Details of staircase in wood light frame construction (Allen & 
Thallon, 2011). ..................................................................................... 38 
Figure 3.13  : The basic two ways to support gable roofs (Allen & Thallon, 2011). 38 
Figure 3.14  : Pictures of construction site- wood light frame structure (a),(b) Wall  
frame construction, (c),(d) Wall sheathing using OSB panels, (e),(f) 
Roof construction (Wood Light Frame Construction).  ......................... 40 
Figure 3.15  : Stages of construction-wood light frame structures (Allen & Thallon, 
2011). ................................................................................................... 41 
Figure 3.16  : Structural modeling of the building in ETABS.. ................................ 52 
Figure 3.17  : Sections used in primary stages of design. ......................................... 53 
Figure 3.18  : Locations of the W5 walls in plan layouts. ........................................ 55 
Figure 3.19  : Elevation of wall W5 and member label ............................................ 55 
Figure 3.20  :Sections used in the design procedure of wall W5.. ............................ 55 
Figure 3.21  : Location of the W10 walls in Plan layouts. ........................................ 56 
Figure 3.22  : Elevation of wall W10 and member labels......................................... 56 
Figure 3.23  : Sections used in the design procedure of wall W10. .......................... 56 
Figure 3.24  : Sections used in design procedure of the beams.. .............................. 59 
xxii 
 
Figure 3.25 : The example beams chosen for checking in this thesis, First floor plan..
 ................................................................................................................ 59 
Figure 3.26 : The example beams chosen for checking in this thesis, First floor plan..
 ................................................................................................................ 60 
Figure 3.27 : Exterior wall detail for wood light frame structure. (Thermal 
conductivity of each layers are shown)... ............................................ 63 
Figure 4.1   : An example of light gauge steel framing(Url-5). ................................ 65 
Figure 4.2   : Stress-strain curve of (a) hot rolled steel, (b) Cold formed steel (Wei-
Wen 2010) .............................................................................................. 66 
Figure 4.3   : manufacturing process of light gauge steel members members (a) 
galvanized steel sheets, (b) folding the sheets into shapes, (c)piercing the 
member webs(Url-6, Url-7). .................................................................. 70 
Figure 4.4   : Typical Light Gauge Steel Framing Members. (a): Cee Sections         
(b): Track Sections (Allen & Thallon, 2011). ..................................... 71 
Figure 4.5  : Steel sections nested together to form headers and trimmers (Allen & 
Thallon, 2011). .................................................................................... 71 
Figure 4.6   : Joining the steel members to make wall frames. Wall frames are 
flipped over before sheathing(steel framing AllianceTM) .................... 72 
Figure 4.7   : Window header detail in light gauge steel framing (Allen & Thallon, 
2011). ................................................................................................... 73 
Figure 4.8   : Straps used for strengthening stud walls against lateral loads (Url-8). 73 
Figure 4.9   : Pictures from construction site, light gauge steel framing (a) wall 
panels construction, (b) floor panels construction, (c) Roof 
construction (d) wall sheathing using OSB panels, (e),(f) connection 
details (Taşkıran, 2005). ...................................................................... 74 
Figure 4.10 : 3D modeling of light gauge steel  structure in ETABS software ........ 81 
Figure 4.11 : Sections used in designing light gauge steel structure (AKKON
®
). ... 82 
Figure 4.12 : Location of the walls in floor‟s layouts ............................................... 83 
Figure 4.13 : Elevation of W5 and stud labels .......................................................... 83 
Figure 4.14 : Sections used in design of W5 (a) AK-CS14915, (b) Double AK-
CS14915 .............................................................................................. 83 
Figure 4.15 : The example beams chosen for checking in this thesis, First floor plan
 ............................................................................................................. 86 
Figure 4.16 : The example beams chosen for checking in this thesis, Second floor 
plan ...................................................................................................... 87 
Figure 4.17 : The section used in the beam design as defined in ETABS (a) AK-
CS25420, (b) AK-CS15215 ................................................................. 87 
Figure 4.18 : Exterior wall detail for light gauge steel frame structure. (thermal 
conductivity of each layers are shown) ............................................... 90 
Figure 5.1   : Components of 3D wall panel(Kabir and Nasab, 2002). ..................... 93 
Figure 5.2   : Stress-strain curve for 3D panels(Kabir and Nasab, 2002) ................. 94 
Figure 5.3   : Manufacturing process of EPS boards(a)pre-expansion, (b) beads are 
injected into a mould and subjected to vapor, (c) hot-wire cutter (Url-9).
 ................................................................................................................ 96 
Figure 5.4   : Manufacturing process of Steel wire mesh (a) steel wires, (b) weldeing 
wires together to form grid meshes, (c) installing wires on the panels 
(Url-9). ................................................................................................... 97 
Figure 5.5  : Single 3Dwall panel (EMMEDUE® Panel‟s card). ........................... 100 
Figure 5.6  : Double 3D wall panel (EMMEDUE® Panel‟s card). ........................ 100 
xxiii 
 
Figure 5.7   : (a) single 3d wall panel. (b) double 3d wall panel (EMMEDUE® 
Panel‟s card). ..................................................................................... 100 
Figure 5.8   : Floor panel section(EMMEDUE® Panel‟s card). ............................. 101 
Figure 5.9   : Floor panel (EMMEDUE® Panel‟s card) ......................................... 101 
Figure 5.10 : Stair panel (EMMEDUE® Panel‟s card).  ........................................ 102 
Figure 5.11 : Foundation details of a single wall panel (Avis).   ............................ 102 
Figure 5.12  : Rebars are leaved out from foundation for installation of the wall 
panels(EMMEDUE). ......................................................................... 102 
Figure 5.13  : Rebars are leaved out from foundation for installation of the wall 
panels(EMMEDUE). ........................................................................... 103 
Figure 5.14  : Metal and wooden supports to keep the panels vertical (EMMEDUE).
 ............................................................................................................. 103 
Figure 5.15  : Connections between walls (EMMEDUE). ..................................... 103 
Figure 5.16  : (a) assembling the walls, (b) stairs, (c) floors and (d) shotcreting 
processes in construction od 3D panels (EMMEDUE). .................... 104 
Figure 5.17  : Additional corner reinforcement(ESR-2037)   ................................. 105 
Figure 5.18  : Additional corner reinforcement applied to the walls (ESR-2037). . 105 
Figure 5.19  : Installation of the fitting in 3D panels(Url-9)................................... 106 
Figure 5.20  : Shotcreting process (Url-10) ............................................................ 106 
Figure 5.21  : (a) Shotcreting of flat surfaces. (b) Correct and incorrect methods for 
shotcreting corners (Sarcia, 2004).   .................................................. 107 
Figure 5.22  : 3D panel construction (a), (b) wall construction, (c), (D) floor 
construction, (e) roof panels, (f) shotcreted walls (EMMEDUE®)..... 107 
Figure 5.23  : Dimensions used for structural analysis of 3D panels. ..................... 109 
Figure 5.24  : Simplified interaction curve for standard 3D panel (sarcia, 2004)   111 
Figure 5.25  : Modeling of the 3D panel system in ETABS ................................... 114 
Figure 5.26  : Pier labels as used in ETABS software, first floor plan ................... 116 
Figure 5.27  : Pier labels as used in ETABS software, second floor plan .............. 116 
Figure 5.28  : Exterior wall detail for 3D panels. (Thermal conductivity of each 
layers are shown). .............................................................................. 118 
Figure 6.1    : Comparison among embodied energies of three buildings .............. 122 
Figure 6.2    : Comparison among embodied energy of structural materials and 
insulation of three alternative systems. ............................................. 123 
Figure 6.3    : LCA results for three residential buildings made from, lightweight 
wood frame, light gauge steel frame, and insulated concrete forms 
(Trusty and Meil). .............................................................................. 123 
Figure 6.4    : Story shears for each alternative structural system (1) Wood light 
frame; (2) light gauge steel frame; (3) 3D panels. ............................... 126 
Figure 6.5    : Story drifts for alternative structural systems in x direction caused by 
earthquake loading in x direction.. .................................................... 127 
Figure 6.6    : Story drifts for alternative structural systems in y direction caused by 
earthquake loading in y direction. ..................................................... 127 
Figure 7.1    :Ranking of the structures in terms of economy, durability, and energy 
efficiency  .......................................................................................... 132 
Figure A.1  : Reference design values for visually graded dimension lumber, White 
oak species (NDS supplement)… ........................................................ 144 
Figure A.2  : Size factor values used in design of wood structures in this thesis. 
(NDS supplement)… ........................................................................... 144 
Figure A.3  : Flat use factor values used in design of wood structures in this thesis. 
(NDS supplement)… ........................................................................... 145 
xxiv 
 
Figure A.4  : Wet service factor values used in design of wood structures in this 
thesis. (NDS supplement)… ................................................................ 145 
Figure B.1  : Calculations for column compression capacity,  L=3 m… ................ 146 
Figure B.2  : Calculations for column compression capacity,  L=1.5 m… ............. 147 
Figure B.3  : Calculations for column compression capacity,  L=1m … ................ 148 
Figure B.4  : Calculations for column compression capacity,  L=0.8 m … ............ 149 
Figure B.5  : Check for Combined Bending and Compression, C49 WB5… ........ 150 
Figure B.6  : Check for Combined Bending and Compression, C49-1 W5. … ...... 151 
Figure B.7  : Check for Combined Bending and Compression, C127, WA10… ... 152 
Figure B.8  : Calculations of the capacity of beam sections under bending moment. 
 ........................................................................................................... 153 
Figure B.9 : Calculations of the capacity of beam sections  under shear forces… . 153 
 
 
 
 
 
xxv 
 
LIST OF SYMBOLS 
A0 : Effective Ground Acceleration Coefficient  
Ae : effective area calculated at stress Fn-Steel design 
As : cross sectional area of the steel reinforcing wires that runs on the 
tension side along the bending axis-Concrete design 
Aw : area of web element-Steel design 
a : representative area of compression-Concrete design 
CF : flat use factor-Wood frame design 
Ci : incising factor-Wood frame design 
CM : wet service factor-Wood frame design  
Cp : Column stability factor-Wood frame design 
Cs : seismic response coefficient 
CT : buckling stiffness factor- Wood frame design 
Ct : temperature factor-Wood frame design 
cp : specific heat of the material 
E : modulus of elasticity 
E'min  n : adjusted LRFD modulus of elasticity for column buckling- Wood 
frame design 
FcEn : nominal Euler critical buckling stress for columns-LRFD- Wood 
frame design 
Fcn
*
 : limiting LRFD compressive design value in column at zero 
slenderness ratio- Wood frame design 
Fn : nominal compression stress-Steel design 
Fv : nominal shear stress-Steel design 
Fy : Steel design yield stress-Steel design 
F'bn : adjusted LRFD bending design value- Wood frame design 
F'cn : adjusted LRFD compressive design value parallel to grain- Wood 
frame design 
F'cExn : Euler elastic buckling value based on the slenderness ratio for the x 
axis- Wood frame design 
F'vn : adjusted LRFD shear value- Wood frame design 
F'cn : adjusted LRFD compressive value- Wood frame design 
fbxu : adjusted LRFD bending value about x axis - Wood frame design 
fcu : factored (LRFD) compressive strength- Wood frame design 
f'c : Compressive strength of concrete-Concrete design 
h : depth of the flat portion of the web measured along the plane of the 
web -Steel design 
hn : height of the highest level above the base  
I : Importance factor 
KF : format conversion factor- Wood frame design 
Kv : shear buckling coefficient-Steel design 
Mc : elastic or inelastic critical moment-Steel design 
Me : elastic critical moment-Steel design 
xxvi 
 
Mn : section strength or bending moment- Steel design 
Mnx, Mny : nominal flexural strengths with respect to centroidal axes of effective 
section-Steel design 
Mnxo : nominal flexural strength about the centrodial x axis-Steel design 
Mu : moment due to factored loads- Wood frame design 
Mu : required flexural strength or bending moment-LRFD-Steel design 
Mux, Muy : required flexural strengths with respect to centroidal axes of 
effective section-Steel design 
My : yield moment-Steel design  
Pa : allowable axial strength-Steel design 
Pn : nominal compression strength-Steel design 
Pu : axial compressive force in the member due to factored loads- Wood 
frame design 
P'n : adjusted LRFD compressive resistance parallel to grain- Wood 
frame design 
QA : heat capacity per unit area 
Qf : fabric heat loss 
Ru : Required strength-LRFD method 
R : thermal resistance 
R : Response modification factor 
Rn : Nominal strength-LRFD method 
S : section modulus of beam cross sections- Wood frame design 
Sc : elastic section modulus of effective section in extreme compression 
fiber-Steel design 
Se : elastic section modulus of the effective section-Steel design 
Sf : elastic section modulus of full unbraced section-Steel design 
S(T) : Design spectrum coefficient 
T : building period 
U : Thermal transmittance coefficient 
V : base shear 
Vn : nominal shear strength-Steel design 
Vu : shear force due to factored loads- Wood frame design 
W : weight of structure 
∆T : The difference between the inside design temperature and the outside 
temperature 
λ : thermal conductivity in calculating R-value  
λ : time effect factor-Wood frame design  
ρ : material density  
Φb : resistance factor for bending-Steel design 
Φc : resistance factor -Steel design 
Φv : nominal shear strength-Steel design 
φ : Resistance factor-LRFD method 
φc : resistance factor for compression- LRFD- Wood frame design 
φs : resistance factor for stability-LRFD- Wood frame design 
xxvii 
 
COMPARATIVE EVALUATION AMONG THREE STRUCRURAL 
SYSTEMS FOR LOW-RISE ENERGY EFFICIENT RESIDENTIAL 
BUILDINGS  
SUMMARY 
The main purpose of this thesis is to evaluate three structural systems used in low- 
rise residential buildings, known as energy efficient or sustainable structural systems. 
These structural systems are named as: wood light frame structures, light gauge steel 
frame structures, and 3D panels, all of which are prefabricated and standardized 
sections, manufactured in factory and carried to construction site. These kinds of 
constructional systems have two important characteristics, which make these 
structures as one of the best alternatives for conventional construction in residential 
construction community: Prefabrication and lightness. Prefabrication makes the 
systems to have several advantages such as diminish in construction waste, ease of 
construction practice, clean construction, saving time and energy. In addition 
lightness of these systems makes them to have a better structural behavior against 
lateral loads (especially the earthquake effects), and also lead to lighter foundation 
system. Furthermore, lightness of the structure means less material use, which is to 
the benefit of sustainability.  
To achieve the target of thesis, the research procedure begins with introducing 
sustainability aspects in residential construction. It is mentioned in this section that 
aspects of sustainability is a very widespread and complicated subject, and 
encompasses economical, ecological and social features, all of which can be 
evaluated from all professions related to a building. However, in this thesis, only the 
aspects that are related to construction practice and material performance are 
considered, and the other aspects are assumed to be constant in all cases. The tools 
for evaluation environmental performance of the building are also discussed in this 
section. Life cycle assessment (LCA), embodied energy and the thermal properties of 
the materials are among the tools for environmental assessment of the buildings, 
which are discussed in this section.  
An example building is chosen in order to be designed using each of alternative 
structural systems. The description of the building, drawings for plans, sections and 
elevations are mentioned accordingly.    
The following three chapters are allocated to the introduction of each alternative 
structural system. The introduction part includes definition of systems, their 
components, construction methods, codes and specifications, and methods for 
structural design of the systems. The introduction section is followed by structural 
analysis and designing the sections of each system for single example building. 
Structural analysis and design of the systems are carried out using ETABS software. 
Except for wood light frame structure for which only the analyses are done by 
ETABS, and the design procedure is carried out manually by using an Excel chart. 
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Chapter 6 is devoted to the assessment of the results obtained from structural design 
of the systems. The assessment includes two categories: assessment to structural 
behavior and environmental performance. For structural behavior, the weight of each 
system, story shears, story drifts, and building periods for modal shapes are extracted 
from software. The comparison among three structural systems is carried out 
considering these categories. For environmental performance, embodied energy, 
thermal properties of external wall sections-including insulation and thermal mass- 
are calculated and the systems are compared accordingly. 
As a total evaluation, a table including all of above-mentioned aspects is adjusted 
and a ranking system is developed in order to quantify the evaluation results. The 
aspects are organized into three categories named as Cost, energy efficiency, and 
durability. Results of evaluation show that, wood light frame structure is ranked as 
the best in terms of energy efficiency, and 3D structural panels system is the better 
system in terms of durability and cost.    
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ENERJİ ETKİN AZ KATLI BİNALARDA TAŞIYICI SİSTEM 
ALTERNATİFLERİNİN KARŞILAŞTIRILMASI 
ÖZET 
Bu tezin amacı, enerji-etkin ya da sürdürülebilir yapı sistemleri olarak bilinen az 
katlı konutlarda kullanılan üç farklı yapı sisteminin, yapısal ve çevresel performans 
bakımından değerlendirmesidir. Bu üç yapı sistemi; hafif ahşap yapılar, hafif çelik 
yapılar ve 3D taşıyıcı paneller olarak alınmıştır. Sözü edilen yapı sistemlerinin en 
büyük özelliği prefabrike, standartlaşmış sistemler olarak fabrikada üretilip, inşaat 
sahasına taşınmasıdır. Bu yapı sistemlerinin diğer özelliği ise hafif olmalarıdır. Bu 
iki özellik, bu tür yapı sistemlerini diğer geleneksel yapım tekniklerine karşı büyük 
bir üstünlük sağlamaktadır. Prefabrikasyon, zaman ve enerji tasarrufuna neden olup   
inşaat atıklarının azaltılmasına, temiz ve kolay inşaat uygulamasına yardımcı olur. 
Bu üstünlüklerin  yanısıra taşıyıcı sistemin hafif olması, yapının yatay yüklere  
(özellikle deprem) karşı daha iyi  davranışına  ve aynı zamanda temelin daha uygun 
olmasına yardımcı olur. Bunların dışında, hafiflik daha az malzeme kullanımı 
anlamına gelir ve sürdürülebilirlik açısından çok yararlıdır. 
Tezin hedefine ulaşması için, izlenen araştırma yöntemi  konut yapımındaki 
sürdürülebilirliğin farklı boyutlarını tanıtarak başlar.Sürdürülebilirlik çok kapsamlı 
bir alandır. Bir binanın sürdürülebilirlik açısından değerlendirmesi ekonomik, 
ekolojik, sosyal açıları ve bina ile ilgili tüm meslekleri kapsamaktadır.  Ancak, bu tez 
aşamasında, yalnızca inşaat uygulama ve malzeme performansı ile ilgili yönlerin 
değerlendirmesi amaçlanmaktadır ve sürdürülebilirlikle ilgili diğer kapsamların sabit 
olduğu varsayılmaktadır. Binanın  çevresel performans bakımından değerlendirilmesi 
için belirli araçlar kullanılmaktadır.  
Tezin ilk bölümünde bu araçlardan sözedilmektedir. Yaşam döngüsü değerlendirmesi 
(LCA), malzeme yapımı için gereken  enerji ve malzemelerin termal 
özellikleri bu bölümde binaların çevresel değerlendirmesi için gereken araçlar 
arasında ele alınmıştır. Bu üç taşıyıcı sistemin karşılaştırması amacıyla, örnek 
bir bina ele alınarak her üç yapısal sistemi aynı binaya uygulayıp yapısal hesapların 
yapılması  gerekmektedir. Örnek binanın tanımı, plan, kesit ve cepheler için çizimler 
buna göre belirlenmiştir. 
Örnek bina, zemin kat ve bir üst kattan oluşan villa şeklinde tasarlanan bir konut 
yapısıdır. Zemin katın toplam alanı 124.86 m2 dir ve bina 1. deprem bölgesinde yer 
almaktadır.   
Bu bölümden sonra gelen üç bölüm, her bir alternatif taşıyıcı sistemin tanıtımına 
ayrılmıştır. Bu bölümler sistemlerin genel tanıtımını, elemanları, yapım 
yöntemlerini, kullanılan standartlar ve sistemlerin yapısal tasarım yöntemlerini içerir. 
Ayrıca bu bölümlerde, sistemlerin yapısal analizi ve kesitlerin tasarımı örnek binaya 
uygulanarak yapılmaktadır. Her bir sistem için yük hesapları ve deprem hesapları 
ilgili bölümde verilmiştir. Sistemlerin yapısal analizi ve tasarımı ETABS yazılımı 
kullanılarak gerçekleştirilmiştir. Ancak, hafif ahşap  çerçeve sistemde yalnızca analiz 
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için ETABS yazılımı kullanılmış ve tasarım aşaması Excel yazılımı kullanılarak, 
gerçekleştirilmiştir. Binalarda çok fazla eleman bulunduğundan, tüm kesitler için 
kontroller verilmemiş, ancak tüm hesaplar CD olarak sunulmuştur. Herbir sistemde 
bir ya da iki duvar, örnek olarak seçilimiş ve hesaplar ve kontroller duvar dikmeleri 
için verilmiştir. Ayrıca kiriş kontrolleri de belirli bir açıklık için gösterilmiştir.  
6. bölümün konusu sistemlerin yapısal tasarımından elde edilen sonuçların yapısal 
davranış v eve çevresel performans açısından değerlendirilmesidir. 
Değerlendirme, yapısal davranış ve çevresel performans olmak üzere  iki kategoriye 
ayrılmaktadır. Yapısal davranış kategorisi, sistemlerin ağırlığı, kat kesme kuvvetleri 
ve mod şekillerine bağlı yapı periyotların değerlendirilmesini kapsamaktadır. 
Çevresel performans değerlendirmesi ise malzemenin enerji performansı, 
malzemenin yapılması için gereken enerji, dış duvar termal özellikleri dikkate 
alınarak gerçekleştirilir.Yapısal analiz ve tasarımları, alternatif yapıların tümü için  
gerçekleştirilir. 
Sayısal sonuçlar 3D panel sisteminde kat kesme kuvvetinin diğer iki yapıdan  daha 
fazla olmasına karşın bu sistemin yatay yüklere karşı daha iyi yapısal davranışı 
olduğunu göstermektedir. 
Hesap sonuçlarına göre, hafif çelik taşıyıcı sistem, beklendiği üzere bu üç yapı 
arasında en hafif olanıdır. Kat yer değiştirmesi hafif çelik çerçeve için diğer yapısal 
sistemlerden daha yüksektir. Yapının ikinci modu, burulma modu olarak elde 
edilmiştir.  
Yapı ağırlığı hesaplamalarına göre ahşap bina diğer iki binadan daha ağırdır. Benzer 
şekilde, bu binada da ikinci mod burulma modudur. 
Yapı malzemelerinin yapılması için kullanılan enerji hesaplamaları iki aşamada 
yapılır. Birinci aşamada bütün yapının malzemeleri için gereken enerji 
hesaplanır. Bu hesaplama sonuçlarına göre, hafif çelik çerçeve sistemi için daha fazla 
enerji kullanılmaktadır. Bu yüksek değerin nedeni, döşeme ve dış duvar 
kaplamasında kullanılan vinil malzemelerdir. Yapı malzemeleri performansı 
hakkında daha iyi bir fikir üretmek için hesapların ikinci aşamasında ise yalnızca 
yapısal malzeme ve yalıtımı dikkate alınır. Bu hesaplamanın sonuçlarına göre, 3D 
duvar panelleri daha yüksek bir değere sahiptir. En düşük değer ise ahşap yapı 
sistemine aittir.  
Duvar malzemelerinin ısı performans hesaplarında, her sistemin dış duvar bölümü 
için U-değerleri ve TTC değeri belirlenir. Sonuç olarak, hafif çelik çerçeve ve hafif 
ahşap çerçeveden yapılmış duvarlar için daha düşük U-değerleri elde edilir. Ancak, 
ısı köprüsü genellikle bu tür çerçeveli yapılarda gerçekleştiği için bu konuya dikkat 
etmek önemlidir. 3D panellerden yapılan duvar için U-değeri daha yüksek olmasına 
karşın, bu sistemlerde ısı köprüsünün gerçekleşmemesi bu yapılar için büyük bir 
üstünlüktür. Termal kütle açısından, 3D duvar panelleri daha yüksek TTC değerine 
sahip olması, yaz ve kış aylarında daha iyi termal davranış göstermesine neden olur.   
Yapıların inşaat uygulamaları göz önüne alındığında, hafif çelik çerçeve inşaatı 
sürdürülebilir yapı inşaatına çok iyi bir örnektir. Kolay ve temiz inşaat, minimum 
malzeme atığı, minimum inşaat malzemesi kullanımı bu yapısal sistemin 
üstünlüklerindendir. 
Topluca bir değerlendirme yapıldığında, değerlendirme sonuçlarını ölçmek için 
yukarıda belirtilen özellikler de dahil olmak üzere sistemler arasında bir sıralama 
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sistemi geliştirilmiştir. İnşaat uygulaması, enerji verimliliği ve dayanıklılık 
açılarından taşıyıcı sistemler değerlendirilip performanslarına göre not verilir. Buna 
göre, ahşap çerçeveli sistem enerji verimliliği açısından en üst sırada yer almaktadır. 
3D yapısal paneller ise, dayanıklılık ve maliyet açısından daha üstün performans 
sergilemektedir. 
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1.  INTRODUCTION 
1.1 Overview 
Due to environmental impacts of human activities and the anxiety about decreasing 
energy sources on the earth, considerable attention toward sustainability has been a 
critical issue in all aspects of human life recently. In this regard, buildings as a place, 
which individuals spend most of their time in, also need to be investigated in terms 
of sustainability. A very large proportion of the energy used in the world, and the 
greenhouse gases that are released from this energy use, is connected to the building 
sector. On the other hand, housing as an oldest building typology, has always been 
one of the most important needs of human being.  In this regard, sustainable housing 
with its ecological, economical, cultural and social aspects requires high levels of 
sensibility for not only current users but also future generations.   
In order to improve the energy efficiency of the buildings in both design and 
construction phases, some methods of construction have been developed, using 
standardized lightweight frames and materials. Due to various economical, structural 
and ecological benefits, these kinds of construction have been developed rapidly all 
around the world, especially in industrialized countries. Among homebuilding 
structural systems, lightweight structures are considered as more sustainable 
structures because of different reasons. Seismic resistance and easy construction of 
these systems have considered them as appropriate alternatives to conventional 
building structures. In addition, the material used to construct a whole building is 
reduced remarkably in these systems, which result in lower environmental impacts of 
the materials.  
1.2 Purpose of Thesis 
The main target of this thesis is to evaluate the performance of lightweight structural 
systems used in construction of low-rise residential buildings, in terms of structural 
and environmental performance. To achieve this target, three types of most prevalent 
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prefabricated standardized structural frames, namely wood light frame structures, 
light gauge steel frames, and 3D sandwich panels are chosen to be investigated. 
These structural systems were especially preferred to be chosen from three different 
materials to have a better evaluation of structural materials either.  
To achieve this target, the research procedure begins with defining the concepts of 
sustainability in residential construction, followed by explaining the methods of 
evaluating sustainability in buildings. Afterwards, a definition of each structural 
system and also the methods of design and construction of them will be mentioned. 
To make a precise evaluation, a model residential plan is applied for each light 
weight systems with similar conditions. Analysis and design of each structural 
system has been performed for single example plan and the result is extracted in 
order to assessment of the structures. The evaluations and comparison are carried out 
by considering different structural and environmental aspects. Evaluation is carried 
out considering three main categories, namely economy, durability and energy 
efficiency, each of which has their own subcategories. A rating system is adopted 
using “5”value for the best performance and the lower values represent the 
inefficiency of the structures.  
1.3 Brief Literature Review 
1.3.1 Residential construction systems 
Allen and Thallon (2011), explain the prevalent lightweight homebuilding residential 
systems, their detailed characteristics, and construction methods. The structural 
systems, which are investigated in this book, are wood light frame structure, light 
gauge steel structure, panelized construction including insulating concrete forms 
(ICFs) and load bearing masonry walls. Low-tech low energy construction systems 
such as earthen construction, stacked log construction, straw bale construction, etc. 
are also explained.  
RSMeans
1
 (2008) explains the requirements and standards for lightweight 
constructions. This book is compiled from major building codes such as international 
building code, (IBC) international residential code (IRC), ASTM, etc. and can be a 
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 RSMeans is a product line of Reed Construction Data® publication.  
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good reference for builders and designers. In this book, several bearing structures 
such as concrete, masonry, metal framing, wood framing have been investigated. 
Furthermore, the information about non-load bearing parts of the building such as 
floor coverings, windows and doors, insulation, etc. are summarized.    
Breyer et al. (2009), explained the method for designing wood structures, using ASD 
and LRFD. A thorough explanation of structural behavior, designing process and 
specifications for wooden members is given. 
Wei-Wen and LaBoube (2010), give a complete explanation of structural behavior 
and design process of cold-formed steel members. Also Airumyan et al. (2002) 
explained the characteristics of light gauge steel frames and their implementation in 
Russia.  
Sarcia (2004), explains the characteristics, members, construction practice and 
design methods for 3D wall panels. 
Öncü (2010), studies about develop and design process of light gauge steel systems. 
Also a three story housing unit has been designed per the design codes explained in 
this thesis and some important design issues regarding mid-rise light gauge steel 
buildings has been presented.     
1.3.2 Energy consumption in residential buildings 
Center for Sustainable Systems in Michigan University (2009), has carried out a 
research on residential buildings in the USA. According to this research:” Proven 
climate-specific, resource-efficient house design strategies exist, but due to lack of 
market incentives and political will, per capita materials and energy consumption 
continue to increase. Likewise, between 1950 and 1990, urbanized land expansion 
grew at a rate 3 times the rate of population growth.”The research recognized some 
unsustainable residential building trends to consider from 1950 to 2007, such as 
increase in average size of a new U.S. single-family house from, up to 157%,  
increase in average area per person in a new U.S. single-family house up to 188%, 
increase in total residential CO
2
 emissions by 27.5% while population increased by 
only 22%, etc. The Center for Sustainable Systems conducted a case study to 
inventory life-cycle energy consumption from manufacturing, construction and 
operational phases of a new single-family house built in Ann Arbor in 1998. Results 
show that, 90% of the life cycle energy consumption occurred during operation; only 
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10% went into building and maintaining the house. This center, then proposes some 
solutions in order to reduce operational demand of the home including adequate 
insulation. 
G. Mihalakakou et al. (2002) trained a neural network models to learn the hourly 
energy consumption values of a typical  residential building located in Athens. The 
energy consumption of the building was predicted with sufficient accuracy for 
several days of the warm period of the year. 
1.3.3 Environmental assessment of buildings 
Trusty and Meil developed a comparative evaluation of three types of construction 
systems, namely wood light frame, light gauge steel frame and insulating concrete 
forms in terms of life cycle assessment, using ATHENA®
2
 tools. The evaluation was 
carried out by applying each systems to a single plan. In this paper, the authors 
express that, wood light frame structure showed a better overall environmental 
performance in comparison with other two buildings. 
Arets and Dobbelsteen (2002), evaluated the environmental cost of the bearing 
structures for an office building, taking three type of structural materials into 
consideration, namely wood, steel, and concrete.  Analysis of the relation between 
material qualities and their environmental cost leads to the following conclusions: 
“High strength concrete has the lowest environmental cost with regard to 
compression-strength. Timber (especially glulam) has the lowest environmental cost 
with regard to tensile strength. For short spans timber (glulam) has the lowest 
environmental and integral cost, while pre-stressed concrete is just a little bit worse.” 
1.4 Outline 
Chapter 2 gives some definitions for sustainability in residential buildings and 
investigates the aspects of sustainability in construction. Afterwards, some of the 
tools for evaluation of the sustainability in buildings are mentioned, and the example 
building for which the evaluation is carried out is introduced. 
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 ATHENA is a registered trademark of the ATHENA Sustainable Materials Institute.(Canada) 
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Chapter 3 introduces wood light frame structures, together with material properties, 
construction methods, and structural analysis and design.  
Light gauge steel frame structures, are investigated in Chapter 4. Material properties, 
construction methods, and structural analysis and design issues are discussed. 
Chapter 5 devoted to 3D panel structures, and their material properties, construction 
methods, and structural analysis and design.  
Chapter 6 develops an evaluation method for structural behavior and environmental 
performance of each above mentioned systems, regarding to results of structural 
design. 
Conclusions from the thesis are given in Chapter 7. Also potential future works on 
this topic are suggested for future researchers.   
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2.  SUSTAINABILITY FOR RESIDENTIAL BUILDINGS  
Depending on the dynamics of the new millennium, sustainability and sustainable 
design have become a major point for designers in built environment and urban 
services. The word sustainability has become popular since the 1980s, when it was 
used in the sense of human sustainability on planet Earth. The most widely quoted 
definition of sustainability and sustainable development was created in Brundtland 
Commission of the United Nations (1987), which defined sustainable development as 
“development that meets the needs of the present without compromising the ability 
of future generations to meet their own needs.”  
It is a well established fact that a very large proportion of the energy used in the 
world, and the greenhouse gases that are released from this energy use, is connected 
to the building sector. In this regard, it is clear that no move towards sustainable 
development can go ahead without radical changes in architecture, construction and 
special planning. We are now witness of a huge drive to conserve energy, increase 
efficiency and create zero-carbon buildings, all of which are vital in reducing the 
environmental impacts of buildings. However, building sustainability must also take 
a broader approach, including the whole impact of a building- on the environment, 
people‟s health and social wellbeing- throughout its whole lifetime. In order to build 
truly sustainable buildings and cities, architects and planners need to think 
holistically in all aspects of sustainable building. On the other hand, housing as an 
oldest building typology both reflects and affects social conditions and the way of 
living. In this regard, sustainable housing, with its ecological, economical, cultural 
and social aspects requires high levels of sensibility for not only current users, but 
also future generations. 
When analyzing the environmental load of buildings it turns out that the greater part 
of the environmental load is caused by energy consumption during the lifespan of the 
building (assuming the lifespan of a building is 75 years). On the other hand, the 
residential sector accounts for a big percentage of the total primary energy 
consumption, i.e. 22% in the US in 2008 (Centre for sustainable systems, 2009).  In 
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addition, bearing structure is responsible for the second largest part of the 
environmental load of the building (van den Dobbelsteen & van der Linden, 2000).     
2.1 Aspects of Sustainable  Buildings  
In order to evaluate buildings in terms of sustainability, it is necessary to understand 
sustainability aspects in a building.   
Varis Bokalders and Maria Block (2010) introduce a sustainable building by four 
aspects, which are Healthy building, conservation and efficiency, ecocycles and 
place. These aspects are explained in Table 2.1. 
Table 2.1. Aspects of sustainable building (Bokalders and Block, 2010) 
Member Materials 
Healthy building 
Materials that are suitable from the perspective of health 
and the environment.  
Services, which provide a healthy and comfortable 
interior climate. 
Technical workmanship to avoid problems with moisture, 
radon and noise, as well as facilitating cleaning and 
maintenance. 
Planning and building process that guided by 
environmental goals. 
Conservation and 
efficiency 
Making buildings that use resources efficiently (e.g. 
heating needs and electricity use are minimized, water 
saving technologies are used).   
The amount of waste is reduced (e.g. waste is separated 
into different categories, to be composed, recycled or 
reused).    
Ecocycles 
Producing heat and electricity using renewable energy. 
Sewage systems are designed so that nutrients can be 
recycled. 
Vegetation and cultivation must be integrated with 
settlement. 
Place 
The site must be studied with respect to nature, climate, 
and community structure, as well as human activities. 
2.2 Materials, Construction, and Sustainability 
As it was mentioned in Table 2.1., the main sustainability aspects of a building 
concern several fields of architecture and engineering. It is impossible to achieve a 
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sustainable building without having a good cooperation between the experts of 
different fields of architecture, civil engineering, mechanical and electrical 
engineering, environmental experts and even sociology. However, in this research it 
is aimed to investigate the buildings in terms of sustainability respecting the aspects, 
which are related to building construction and materials. In this regard, it is necessary 
to break down these aspects into categories to have a better vision of the research. 
Guertin, 2011, investigated a sustainable building in a more detailed manner, and 
have had a list of aspects for a sustainable building. According to him, the aspects of 
sustainable building in field of materials and building construction are given below: 
2.2.1 Energy efficiency 
There are several ways to make a sustainable home more energy efficient than an 
ordinary one. A green building is an expression used for calling sustainable 
buildings. Green building is designed to minimize energy usage in both construction 
phase and during building‟s useful life. To maximize the insulation in the floor, 
walls, and ceiling is one of solutions for saving energy. These buildings can also be 
built to be as airtight as possible, in order to deduce energy lost due to air leaks. The 
windows and doors are selected for energy efficient glazing and excellent air seals. 
Furthermore, the equipment for heating, air conditioning, and water heating, should 
use energy in a efficient way to distribute heating, cooling, and hot water throughout 
the house with as little energy loss as possible. Similarly, the lighting and appliances 
should be selected to use energy efficiently.  
2.2.2 Construction practice 
One of the important factors in building sustainable houses is to use best practice and 
highest quality standards in construction phase. However, construction practices 
change from time to time as building researches, manufacturers, and construction 
workers discover better ways of building. It is up to the building team to investigate 
multiple sources of information about how to construct each detail of a house so 
when the home is built, it is constructed using the best facilities and technologies. 
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2.2.3 Product selection 
The primary feature to determine whether a product is green is its impact on the 
environment. Every material and product has an impact on the environment, but 
green products have a low impact compared to ordinary material products. Builders 
should consider several qualities of materials and products to determine whether they 
are green, and more importantly, whether they are appropriate for the project. Some 
of the most important feature to evaluate sustainability of the products are listed 
below: 
Energy saving: Does the product save energy? 
Durability: Will the product last a long time or help the house last a long time? 
Health factor: Is the product safe to use inside a house or will it contribute to poor 
indoor air quality? 
Recyclability: Can the material be recycled in the future when it is removed from the 
house, perhaps during a remodel, or will it end up as waste in a landfill? 
2.2.4 Reduce material use and manage waste 
Reducing the amount of materials needed to build a house is a sustainable practice. 
Each trade contactor should work closely with the building team during the design 
and planning phase of the house to design an efficient layout that uses materials 
wisely. Furthermore, every green building project has a material-recycling and 
waste-management plan. The jobsite-recycling program minimizes the amount of 
waste that ends up in landfills and saves money in trash hauling and dumping fees 
(GUERTIN, 2011). 
2.3 Light Weight Structural Systems For Residential Buildings  
Residential consists of buildings intended for private occupancy: detached, semi-
detached, duplex or row houses; apartments; cottages; and mobile homes. (Statistics 
Canada, 2005) We have much to consider when designing and building a new 
energy-efficient house, and it can be a challenge. However, recent technological 
improvements in building elements and construction techniques also allow most 
modern energy saving ideas to be seamlessly integrated into house designs while 
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improving comfort, health, or aesthetics. In addition, even though some energy-
efficient features are expensive, there are others that many homebuyers can afford. 
(Smith, 2005) One of the most important innovations in construction in last decades 
is the idea of using standardized lightweight materials and panels in constructing 
buildings. This innovation covers either bearing structure or non-load bearing 
members such as partitions, stairs, etc. light weight standardized structures mainly 
consist of load-bearing walls and floor diaphragms. Most of the walls of the 
buildings are load bearing, and columns are eliminated in these systems. Since these 
structures are made up of light and thin walls, they are often used in constructing 
low-rise buildings and especially residential. There is now a wide usage of these 
systems for construction residential buildings, USA, Canada, Europe and most other 
industrialized countries. That is why they are commonly called as residential 
construction.  
2.3.1 Advantages 
This method for construction turned to have many advantages compared with 
contemporary construction systems. The advantages are due to two special features 
of these systems. 
2.3.1.1 Prefabrication 
One of the most important advantages of these systems is prefabrication. All of the 
structural members in these systems are manufactured in factories and moved to 
construction place. The members can be manufactured in required dimensions in 
factory. This fact makes the construction process much more easier than 
conventional construction systems. In addition, wastes in construction are much less 
than other types of construction. Since the sections are being prepared in factory 
according to the plans of the project, there is no waste in the sections. 
Another aspect of this kind of residential structures is developing and approving 
structural designs. Just as standard components and methods are used to achieve 
economy, standardized analysis methods are in place for designing residential 
structures. It is not cost effective to undertake a full analysis of each home built so 
the design codes and methods are such that a building design may be characterized 
and judged without a complete analysis. The use of standardized components and 
methods makes this type of structural verification possible. It cause considerable 
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savings in energy and time and also money. It means that it is economically and 
ecologically sustainable. (Sarcia, 2004) 
2.3.1.2 Lightness 
Lightweight residential systems are providing thinner walls comparing with 
conventional construction methods and framing elements such as columns and beams 
are eliminated. It results in lightness as well as less construction area and also less 
material usage for internal and external finishing. Sections and panels in these 
systems, are assembled and connected together easily. They are light and also easy to 
handle by one laborer. In addition, lightness of the members reduces the dead loads 
and thus, reduces the seismic loads applied to the building. 
2.3.2 Limitations 
Although prefabricated panels and sections, serve advantages to the construction 
field, they cause some limitations to architects. Prefabrication of the sections and 
panels requires the standardization of them. Without standardizing the panels or 
sections, prefabrication implies additional cost to the factories which is not 
economical. In this regard, these systems are based on modular construction which 
could not be acceptable for some architectural solutions. Although modular 
construction was one of the main aspects of modern architecture, this kind of 
construction was then criticized by post-modern architecture. 
In fact, there is yet much controversy about this issue. While some architects believe 
that modularity is a sustainable practice, others believe that it is not. The architects, 
which criticize modularity, believe that it ignores culture. 
In a debate in a RIBA meeting on 18 June 1957, Peter Smithson believed that 
“following Renaissance proportional systems in the mid-twentieth century, or indeed 
any mere proportional system, would not result in an architecture that had cultural 
significance.” (Millon, 1972) 
The fact is that, modularity does not respect the place in which the building is being 
constructed. Another consequence of modularity is that, several buildings are 
constructed in same shapes and features, which inhabitants might not be comfortable 
with, and try to change their buildings features. Accordingly, this characteristic of 
modularity does not correspond to sustainability. 
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In lightweight residential construction, the interior walls are mostly act as bearing 
walls. These characteristics of them lead to some architectural limitations. The spans 
cannot be more than specific values. Moreover, in order for structural continuity of 
the walls, interior walls which exist in upper floors must be supported and continued 
in the floors below. Otherwise, the interior walls should be situated in a way that 
provides an appropriate stiffness distribution. Another limitation of using these 
systems for architects is areas of openings on the wall segments. These restrictions 
do not compatible with the sustainability aspects, because in some cases, it does not 
meet some requirements of the users. In this case, user may start to change the living 
spaces or move to another place. This will impose some additional economical and 
ecological loads. (Sarcia, 2004)  
2.4 Methods for Evaluating Sustainability of the Buildings 
2.4.1 Life cycle assessment 
Life cycle assessment (LCA) is a comprehensive scientific examination of the 
environmental and economic effects of a product at every stage of its existence, from 
production to disposal and beyond. The LCA „„includes the complete life cycle of the 
product, process or activity, i.e., the extraction and processing of raw materials, 
manufacturing, transportation and distribution, use, maintenance, recycling, reuse 
and final disposal‟‟ (Setac,1993). The application of LCA has been regulated 
internationally since 1996 under ISO14040, ISO14041, ISO14042 and ISO14043. 
The categories of environmental impacts commonly used in the LCA, may include 
the following: 
- Consumption of non-renewable resources 
- Water consumption 
- Global warming potential 
- Potential reduction of the ozone layer 
- Eutrophication potential 
- Acidification potential 
- Smog formation potential 
- Human toxicity 
- Ecological toxicity 
- Waste production 
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- Land use 
- Air pollution 
- Alteration of habitats. (Torgal and Jalali, 2011) 
Some of the biggest drawbacks of the LCA, rely on the fact of being very time 
consuming, implying vast amounts of data on the environmental impacts of materials 
for all phases of the life cycle. Calculations of life cycle assessment are complicated 
and require special tools and software to perform. However, LCA results for 
products in different fields can be reached from pervious researches. It is important 
to note that, the importance of each category is not the same for each country, being 
dependent on its environmental specifics. This fact should be regarded while using 
the results of LCA carried out in other countries.  
Some LCA-based tools include BEES 3.0®, which is a product comparison tool 
including some brand-specific data, and the ATHENA® Environmental Impact 
Estimator (EIE) for analysis of whole buildings and assemblies. BEES 3.0 is 
intended for use at the specification or procurement stages of the process. Weighting 
factors are used to generate overall environmental and economic scores. ATHENA 
EIE is for use at the conceptual design stage. A range of indicators without weighting 
are generated to show environmental effects of changes in shape, design, or material 
make-up of a building. Another tool has been developed for use with the Green 
Globes™ environmental assessment and rating system for commercial buildings. 
With funding from the Green Building Initiative, the tool was created by Morrison 
Hershfield Consulting Engineers in association with the University of Minnesota‟s 
Center for Sustainable Building Research and the Athena Sustainable Materials 
Institute. Modeled on the Building Research Establishment‟s (BRE) Green Guide to 
Specification, which has been used in the U.K. for over a decade, it measures the 
global warming potential and other environmental impacts of more than 400 
common building assemblies in low- and high-rise categories. (Carmody and Trusty, 
2005) 
2.4.2 Embodied energy 
Embodied energy is defined as the commercial energy (fossil fuels, nuclear, etc) that 
was used in the work to make any product, bring it to market, and dispose of it. 
Embodied energy is an accounting methodology which aims to find the sum total of 
the energy necessary for an entire product lifecycle. This lifecycle includes raw 
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material extraction, transport, manufacture, assembly, installation, disassembly, 
deconstruction and/or decomposition. 
Embodied energy, covers the energy consumed during its service life (Hammond and 
Jones, 2008). There are however different approaches to this definition, namely from 
the extraction of raw materials to the factory gate (cradle to gate), from extraction to 
site works (cradle to site) or from extraction to the demolition and disposal phase 
(cradle to grave). Berge (2009), considers as embodied energy, only the energy 
needed to put the material or product at the factory gate (first case), as to the 
transport energy and the energy related to the work execution both are included in 
the construction phase of the building. According to this author, the embodied energy 
represents 85~95% of the material total energy and the remaining 5~15% relates to 
the construction, maintenance and demolition of the building. In the third case, the 
embodied energy includes all energy consumption phases from the production at 
cradle. 
2.4.3 Thermal properties of the materials 
In order to have a sound evaluation about the environmental behavior of a building, it 
is also necessary to take the thermal properties of the materials into consideration.  
2.4.3.1 Insulation 
One of the most important aspects of energy efficiency in buildings is thermal 
insulation. In definition, thermal insulation “is the reduction of heat transfer between 
objects in thermal contact or in range of radiative influence.”(Wikipedia) Heat is lost 
from buildings in two ways. It is lost through the fabric of the building (the building 
envelope) by radiation, convection and conduction exchanges. This is known as 
fabric heat loss. Buildings are not completely airtight and heat is also lost by heated 
air leaving the building through gaps in the building fabric and being replaced by 
colder air that needs to be heated. This is known as ventilation heat loss. Therefore 
total heat loss of the building is the sum of these two kinds of heat loss (Bradley). In 
this thesis, the building heat loss is investigated in terms of fabric heat loss assuming 
same ventilation conditions for comparing cases. 
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2.4.3.2 Thermal mass  
Thermal mass is a term used to describe the ability of building materials to store 
heat. The basic characteristic of materials with thermal mass is their ability to absorb 
heat, store it, and at a later time release it. Adding thermal mass within the insulated 
building envelope helps reduce the extremes in temperature experienced inside the 
home, making the average internal temperature more moderate year-round and the 
home more comfortable to live in. Building materials that are heavy-weight store a 
lot of heat so are said to have high thermal mass. Materials that are light-weight do 
not store much heat and have low thermal mass. The use of heavy-weight 
construction materials with high thermal mass can reduce total heating and cooling 
energy requirements by up to 25% compared to a home built of light-weight 
construction materials with a low thermal mass. Thermal mass is particularly 
important for comfort in climates where summer temperatures are high and there is a 
large difference between daily average maximum and minimum temperatures. 
Thermal mass is less important, but still beneficial, in climates with lower summer 
temperatures (Thermal Mass). 
2.5 Evaluation Tools 
After carrying out the structural analysis and design, the comparison can be 
performed using the results of structural design as primary evaluation data. Three 
main categories are considered as comparison topics namely structural behavior, 
environmental performance and cost. The methods for design and evaluation are 
mentioned in following sections.    
2.5.1 Structural behavior 
As mentioned previously, procedure of comparison and assessment requires the 
results of structural analysis as primary evaluation data. In this regard, structural 
analysis and design of all three considered structural systems are going to be 
investigated using ETABS software. ETABS is a programme for linear, nonlinear, 
static and dynamic analysis, and the design of building systems. The input, output 
and numerical solution techniques of ETABS are specifically designed to take 
advantage of the unique physical and numerical characteristics associated with 
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building type structures. As a result, this analysis and design tool expedites data 
preparation, output interpretation and execution throughput. (Url-1) 
The analysis stage includes modeling the example building in ETABS followed by 
definition of loads, material properties, section properties and load combinations. 
Afterwards the model is analyzed by software and the results are obtained. 
Considering the results such as story shears, story drifts, modal information, etc in 
each considered system, the comparison is carried out in chapter 6.   
2.5.2 Environmental performance 
2.5.2.1 Life cycle assessment 
One of the most important tools for calculating LCA is ATHENA software, which is  
Environmental Impact Estimator (EIE) for analysis of whole buildings and 
assemblies (Carmody and Trusty, 2005). ATHENA is a registered trademark of the 
ATHENA Sustainable Materials Institute. The Athena Institute offers the only LCA-
based tools in North America for whole buildings and assemblies. Athena has 
complete and robust LCA databases for North American construction materials.  
(Url-2) The results of a LCA based study, using ATHENA tools will be mentioned in 
evaluation parts of this thesis.  
2.5.2.2 Embodied energy 
The embodied energy amounts used in this thesis are based on a surveypublished by 
the Sustainable Energy Research Team (SERT) of the University of Bath. The 
survey, „Inventory of Carbon & Energy (ICE)‟ V2.0, was compiled and written by 
Prof. Geoff Hammond & Craig Jones, 2011 (Url-3). ICE is the University of Bath‟s 
embodied energy and embodied carbon database, and is the freely available summary 
of the larger ICE-Database. The aim of this work was to create an inventory of 
embodied energy and carbon coefficients for building materials. The data has been 
collected from secondary resources in the public domain, including journal articles, 
Life cycle assessments, books, conference papers, etc (Hammond and Jones, 2008). 
2.5.2.3 Insulation 
For evaluation the insulation of the wall systems, the heat loss concept is considered 
in this thesis. the less amounts of heat loss, represents better insulation in building 
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systems. The amount of heat that is lost through fabric heat loss (Qf) in obtained 
from Equation (2.1). 
  )( TUAQ f  (2.1) 
In which: 
Qf: fabric heat loss 
A: The area of the different building elements exposed to the temperature differential 
(m
2
). 
∆T: The difference between the inside design temperature and the outside 
temperature (K). 
U: Thermal transmittance coefficient (W/m
2
K).  
The U-value is a measure of the rate at which a building element transmits heat. The 
higher the U-value the more heat is transmitted, or lost, through the building element. 
From an energy conservation point of view therefore, the lower the U-value of a 
building element the better the building performance. The Building Regulations 
specify maximum U-values that should not be exceeded for different building 
elements (Bradley). U-value of a building member is obtained from Equation (2.2).  


R
U
1
 (2.2) 
in which R is the thermal resistance of the building materials (m
2
K/W) 
R-value can be calculated using the following equation. 

d
R   (2.3) 
where: 
d: thickness of the material (m). 
λ: thermal conductivity of the material (w/mK). (DIN V 18599-2, 2007) 
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2.5.2.4 Thermal mass 
One of the more important mathematical development to imagine the behavior of 
thermal mass is the Thermal Time Constant (TTC) of a building envelope, defined as 
the product of the heat capacity (Q) and the thermal resistance (R). The TTC is 
representative of the effective thermal capacity of a building. Heat capacity is 
obtained using Equation (2.4).  
pA dcQ   (2.4) 
Where: 
QA: heat capacity per unit area 
ρ: material density (kg/m3) 
d: thickness of the material (m) 
cp: specific heat of the material (J/KgK) 
In calculating the TTCA (TTC per area) of a composite wall, the QAR value of each 
layer, including the outside and inside air layers, is calculated in sequence. The QAR 
for each layer is calculated from the external wall to the center of the section in 
question, thus:  
)5.0...()( 10 iipiAi RRRdcRQ    (2.5) 
For a composite surface of n layers, TTCA is obtained from Equation (2.6). 



n
i
iAiA RQTTC
1
 (2.6) 
The TTCs for each surface is the product of the TTCA multiplied by the area. A high 
TTC indicates a high thermal inertia of the building and results in a strong 
suppression of the interior temperature swing (DIN V 18599-2, 2007). 
2.5.3 Cost 
It is difficult to compare the cost of one building system with one or more others 
because there are so many factors that can influence cost. Aside from the “hassle” 
factor that contractors tend to include in their bid when dealing with something new 
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to them, there is the question of comparability of costs. In addition, cost is 
completely a local issue. While one system tends to be more expensive in one 
country, the same system cost lower in another country, depended on the local 
sources and other local factors. In this respect, the cost issue has not been evaluated 
thoroughly in this thesis. Only the approximate construction cost for each system is 
mentioned. This information is obtained from the Companies, which are constructing 
considered structures in Turkey. 
2.5.4 Overall evaluation 
As mentioned formerly, the evaluations and comparison are carried out by 
considering different structural and environmental aspects. As a total evaluation, all 
considered categories and sub-categories are summarized in a table and a rating 
system is adopted using “5”value for the best performance. The amounts which were 
used for comparing structural systems considered in this thesis,  are used in order to 
rate them over 5 in each mentioned subcategories. For example, the a system, which 
has the best insulation performance, is rated by 5 and the other systems, which has 
worse insulation performance, are rated in proportion with the best performance.  
2.6 Example Building 
For insuring functional equivalence in the evaluation, a particular architectural plan 
of a home is used for developing this evaluation. In this regard, it is targeted to apply 
three structural systems considered in this thesis to one specific home plan, and 
compare the results of the structural analysis and design in terms of structural 
behavior. Also specific wall, floor and roof materials are chosen for each structural 
system and the evaluation for environmental performance are carried out considering 
these materials 
The Example Building definition is given below:  
- Two story, single family residential building 
- 124.86 m
2
 Total area 
-Constructed in Seismic Zone 1 
Figure 2.1, and Figure 2.2 show the ground floor plan and first floor plan of the 
Example Building. 
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Figure 2.1: Plan of the Example Building- Ground floor (AKKON®). 
`  
Figure 2.2 : Plan of the Example Building-First floor (AKKON®). 
Figure 2.3 and Figure 2.4, shows the dimensions of the ground floor and first floor 
plans. 
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Figure 2.3: Dimensions of ground floor plan in Example Building- Units in cm. 
 
Figure 2.4: Dimensions of first floor plan in Example Building- Units in cm. 
Figure 2.5 and Figure 2.6, show north and west elevations of the building. 
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Figure 2.5: North elevation of the Example Building- Units in m (AKKON®). 
 
Figure 2.6: West elevation of the example building- Units in m (AKKON®). 
The same plan was applied for three different structural systems, and after structural 
analysis the sections were achieved. Structural analysis and design of the system is 
carried out using ETABS software. After extracting the analysis and design 
information from the software, an evaluation of the structural and environmental 
performance of the building is done. The results of structural design and evaluations 
are explained in following chapters.  
.
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3.  WOOD LIGHTWEIGHT STRUCTURAL SYSTEMS 
3.1 Introduction 
For centuries, buildings all over the world have been constructed using wooden 
frames. They were built from large timers, joined together using various types of 
wooden joints and secured with wooden pegs and wedges to create structural 
skeletons. Although different cultures used to construct their buildings using distinct 
construction methodologies, but all of the buildings using primarily wooden joints 
are considered as timber frames. Timber frame construction has proved to be a 
dependable and enduring building system. The traditional construction methods of 
timber buildings lied in the concept of post and beam construction, consisting of 
exposed columns, girders, beams, and decking. These systems are now being used in 
relatively large buildings. A typical post-frame building and the main structural 
components of the system is shown in Figure 3.1. 
 
Figure 3.1: Typical wooden post-frame building (Kermani, 1999). 
With the advent of industrialization, which resulted in ease of producing dimensional 
lumber, light-frame construction became much more common and replaced timber 
framing as the mainstay of low-rise wooden buildings. (Kermani, 1999) The 
prevalent systems, used in construction of residential are lightweight timber systems. 
This kind of construction was developed in the first half of the 19th century, when 
builders recognized that, the closely spaced vertical members used to infill the walls 
of a heavy timber frame were themselves sufficiently strong to bear the applied 
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loads, so that the heavy posts of the frame could be eliminated. Its development was 
accelerated by two technological breakthroughs of the period. Firstly, the advent of 
water-powered sawmill, which lowered the cost of boards and small wood framing 
members to an affordable level for the first time in history. Secondly, the advent of 
machine-made nails, which were remarkably inexpensive, compared to the hand-
forged nails. (Allen & Thallon, 2011) 
The earliest version of wood light framing was the balloon frame, which was framed 
solely with slender closely spaced wooden members. All the structural members of 
this new system were light enough to be handled easily by a single carpenter. The 
balloon frame used full length studs that ran continuously for two stories from 
foundation to roof. Also tall hollow spaces between studs were acting as multiple 
chimneys in the event of a fire, spreading the blaze to the upper floors. In an attempt 
to overcome these difficulties various modified versions developed, and the most 
recent of them, the platform frame is now the universal standard. Platform framing is 
nowadays the most common method in constructing wooden houses. Also called 
“stick framing” and “stick construction”, this kind of framing is the most popular 
method of light-frame construction, in Canada and United states. Figure 3.2 
illustrates the structural form of platform framing.  
 
Figure 3.2: Platform framed structural system (Url-4). 
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3.2 Wood as a Structural Material 
Having a good knowledge of engineering materials is essential for engineering 
design. Before starting to investigate the principle components and construction 
methods of the platform framing, it is important to be familiar with the material of 
the load bearing members. As timber is a traditional building material, considerable 
knowledge has been gained on its properties and their effects on structural design and 
service behavior over the years. It is a well-established fact that, unless properly 
controlled it is hard to assess strength quality of this structural material.  
3.2.1 Natural makeup 
Wood is composed of elongated, round, or rectangular tube like cells. Length of the 
cells is much greater than the width of them, and the cells are located in a way that 
the length of them is essentially parallel to the length of the tree. In a tree, the cell 
walls are made of cellulose, and the cells are bound together by material known as 
lignin. 
By examining the cross section of a log, concentric rings can be recognized. Each 
ring represents the amount of the wood material supplied on the outside of the tree 
during the growing season. These rings are named as annual rings. These rings are 
formed because of the differences in the wood cells, which are produced in the early 
portion of the growing season compared with those produced toward the end of the 
growing season. It is noteworthy to say that, annual rings only appear in trees that are 
located in the areas, which have distinct growing season. In tropical areas, no annual 
ring in cross section of any tree can be found. (Breyer, D, et al. 2007) 
Other than annual rings, two different colors can be noticed in the cross section of a 
log. The darker center portion referred to as heartwood, and the lighter outer part 
known as sapwood. Heartwood is the older and contains the cells, which are inactive. 
Sapwood, on the other hand, contains both living and inactive wood cells. The 
strength of heartwood and sapwood is essentially the same. However, heartwood is 
somewhat more decay resistant, while sapwood is more readily accepts penetration 
by wood-preserving chemicals. (Breyer, D, et al. 2007) Figure 3.3 shows the annual 
rings, heartwood, and sapwood in a regular tree section. 
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Figure 3.3: Natural make-up in a tree section (Breyer, D, et al. 2007). 
Trees and commercial timbers are divided into two groups named softwoods and 
hardwoods. To define them botanically, softwoods are those woods that come from 
gymnosperms (mostly conifers), and hardwoods are woods that come from 
angiosperms (flowering plants). Softwoods are generally needle-leaved evergreen 
trees such as pine (Pinus) and spruce (Picea), whereas hardwoods are typically 
broadleaf, deciduous trees such as maple (Acer), birch (Betula), and oak (Quercus). 
These two types of wood also differ in terms of their component cells. Softwoods 
have a simpler basic structure because they have only two cell types and relatively 
little variation in structure, while Hardwoods have greater structural complexity 
because they have both a greater number of basic cell types and a far greater degree 
of variability within the cell types. (Wiedenhoeft, A, 2010) 
3.2.2 Physical and mechanical properties 
3.2.2.1 Factors influencing the strength of timber 
Several factors are influencing the strength of timber; such as, moisture content, 
density, duration of the applied loads, and size of members and presence of strength 
reducing characteristics like slope of grain, knots, fissures and wane. (Kermani, A., 
1999) Here, some important characteristics of wood that influence the main physical 
and mechanical properties of wood are explained below. 
3.2.2.2 Growth characteristics of wood  
Knots, checks, shakes, splits, slope of the grain, reaction wood, and decay are some 
of the most important growth characteristics that affect the structural properties of 
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wood. Limits are placed on the size and number of these structural defects, permitted 
in a given stress grade. (Breyer, D, et al. 2007)   
3.2.2.3 Moisture content  
The moisture content (MC) of a living tree can be as high as 200%. However, the 
MC of structural lumber in service is much less. The average moisture content of 
structural lumber in service is known as equilibrium moisture content (EMC). In 
different atmospheric conditions, the EMC will range somewhere between 7 and 14 
percent. It is important to note that two kinds of moisture exist in a wet wood: Water 
contained in the cell cavity, referred to as free water, and water contained within the 
cells named bound water. As wood dries, free water is driven off first. The moisture 
content, which represents the complete loss of free water, is known as fiber 
saturation point. Opposing forces occur as wood dries below fiber saturation point. 
On one hand, shrinkage decreases the size of the cross section with a corresponding 
reduction in section properties. Fortunately, it is not necessary for the designer to 
compute section properties based on a consideration of moisture content and the 
resulting shrinkage. Grading practices for dimension lumber, have established the 
dry size (MC<19%) as the basis for structural calculations. (Breyer, D, et al. 2007)   
3.2.2.4 Sizes of structural lumber  
There are two broad size classifications of sawn lumber, namely, Dimension Lumber 
and Timber. Dimension Lumber is the thinner sizes of structural lumber. They 
usually range in size from 5x5 cm (2x2 in.)  through 10x40 cm (4x16 in.). In other  
words, dimension lumber constitutes any structural member which has nominal 
thickness of 5 to 10 cm (2 to 4 in). Note that in lumber grading terminology, 
thickness refers to the smaller cross-sectional dimension of the structural member, 
and width refers to the larger dimension. Timbers are the larger members having a 5-
in. minimum nominal dimension. Thus, practically speaking, any structural member 
equal to or larger than a 15x15 cm (6x6 in) is classified as timber. (Breyer, D, et al. 
2007) Structural lumber can be ordered in length of 2.438m, 3.048m, 3.658m, 
4.267m, 4.877m and up to 7.315m (8, 10, 12, 14, 16, and up to 24 feet. ) (Allen & 
Thallon, 2011) 
Structural calculations are based on the standard net size of a piece of lumber. 
However, most structural lumber is dressed lumber, in which, the lumber is surfaced 
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to the structural net size. This net size, is less than the nominal (stated) size. An 
example of a dressed lumber with its nominal and net sizes can be seen in Figure 3.4.  
 
Figure 3.4: Actual and dressed sizes for (a) dressed, (b) rough-sawn, and (c) full  
                     sawn lumber (Breyer, D, et al. 2007). 
3.2.3 Grading of structural lumber 
As we mentioned before, there are several factors, which influence the strength of the 
timber. Overcoming these difficulties is possible by using strength classification 
method. (Kermani, A., 1999) The first step in designing of timber members, involves 
strength grading of sections. The second part of NDS named NDS Supplement 
provides the numerical values of design stresses for the various species groupings of 
structural lumber and glued laminated timber. (Breyer, D, et al. 2007)  
The concept of grouping timber into strength classes was introduced into the Europe 
with BS EN 338:1995. (Kermani, A., 1999) The latest version of this code is 
available as BS EN 338:2009.  According to this European codes, there are 16 
strength classes for (C14 to C40 softwoods and D30 to D70 for hardwoods). The 
number in each strength class refers to its characteristic bending strength value. For 
example, C40 timber has a characteristic bending strength of 40N/mm2. However, in 
NDS no grouping strength classes are available, instead, the mechanical properties 
are determined for all wood species grown in USA and Canada.  
There are two methods for grading structural lumber. The majority of sawn lumber is 
graded by visual inspection, in which a person familiar with the lumber grading rules 
examines each piece as it comes out of the mill and assigns a grade by stamping the 
member. The grade stamp includes the grade, the species or species group, and other 
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pertinent information. If the lumber grade has recognized mechanical properties for 
use in structural design, it is often referred to as a stress grade.  
Albeit most lumber is visually graded, a small percentage of lumber is graded by 
machine stress rating, in which each piece of wood is subjected to a nondestructive 
test. As lumber comes out of mill, it is passed through a series of rollers, a bending 
load is applied about the minor axis of the cross section, and modulus of elasticity of 
each piece is measured. Machine stress rated lumber is subjected to a visual check as 
well. Lumber graded in this manner is typically known as MSR lumber (Breyer, D, et 
al. 2007). Some examples of visual and machine grading of timber is shown in 
Figure 3.5.  
 
Figure 3.5: Typical grade sample for (a),(b)visually graded structural lumber,(c)  
                      machine stress rated lumber (Breyer, D, et al. 2007). 
3.2.4 Codes and specifications related to wood construction 
In the USA, the 2005 National Design Specification for Wood Construction (NDS) is 
the basic specification for the design of wood structures. All or part of the NDS is 
usually incorporated into the IBC. Erocode 5: Design of timber structures is the 
specification for the design of timber structures in Europe.  Another series of codes 
that are used for designing timber structures in Europe are British standards named 
BS 5268 Part 1 to 7. These standards contain all the information, which one may 
require while designing a wood framed structure.  
3.3 Construction Practice 
As mentioned before, the type of wood construction, which is going to be 
investigated in this thesis, is platform framing. Albeit, the platform framing is very 
simple in concept, it turns to be complicated when it comes to details.  The principal 
structural members of a conventional platform frame, consist entirely of nominal 2-
inch dimensional lumber members. (Allen & Thallon, 2011) walls, floors and roofs 
are the chief structural members which are described in the following subsections. 
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3.3.1 Components of a Wood Framed Building  
3.3.1.1 Foundation 
Different kinds of foundations can be applied for wood light frame construction. One 
of the most prevalent methods is foundation wall systems, which contains foundation 
walls, and concrete footings beneath them to distribute building loads over the 
surface of the soil. Different alternatives are available for foundation walls. Casting 
concrete, masonry, concrete masonry (concrete block), or insulated concrete forms 
can be used in order to construct foundation walls. Concrete slab foundations are also 
used in wood light frame construction. Concrete slabs are specially common in warm 
climates, where footings can be shallow and where their inherent thermal mass can 
help to keep the house cool. To support the linear loads under load bearing walls, 
concrete slab is thickened to at least 300 mm (12 in). Under bearing walls and 
partitions. Figure 3.6 illustrates two kinds of foundation used in construction of wood 
light frames.  
 
Figure 3.6: Two kinds of foundation used in construction of wood light frames: (a)        
foundation wall system, (b) Concrete slab foundation  (Breyer, D, et 
al.2007). 
3.3.1.2 Walls 
The wall and partition framing, consists of the exterior walls and sheathing, the 
interior load-bearing walls, and the interior non load-bearing partitions. load-bearing 
walls carry live and dead loads from a part of structure above, such as a floor, roof, 
or ceiling. The components of a load-bearing walls are introduced below: 
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Stud  
The vertical framing member used in a wall structure is called a stud. Studs are 
generally made of 5x10 cm (2x4 in) or 5x15 cm (2x6 in) lumbers.  Wall framing is 
set out in such a way that, a stud, occurs under each vertical joint between sheathing 
panels. (Allen & Thallon, 2011) In general studs are placed in a wall having the 
standard spacing of 61 cm (24 in.), which represents the width of sheathing panels.  
Header 
Headers span the openings in load-bearing walls, which are located above windows 
and doors. They are structural members and their function is to transmit the load 
from above the opening to the framing member on either side of the opening. Typical 
header construction consists of two nominal 2-in. framing lumber, which are nailed 
together with 1.2 cm (½ in) plywood spacers to make the header as thick as depth of 
the 5x10 cm (2x4 in) wall studs. Header for 5x15 cm (2x6 in) stud walls are usually 
designed to include insulation as a part of the wall assembly. Figure 3.7 illustrates a 
typical wood header. The horizontal member that runs parallel to the header at the 
windowsill height is called the sill. (RSMeans, 2008) 
 
Figure 3.7: Details of a wooden header (RSMeans, 2008). 
Trimmer (Jack stud) 
Trimmer is a vertical member that supports the header. They are nailed to full studs 
at each side of the header, sometimes referred to as king studs (RSMeans, 2008).  
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Cripples 
Cripples are the short studs that fill in under the window sill or above the header. 
(RSMeans, 2008)    
Plates 
Plates are the horizontal members that hold the studs. The plate at the top of the wall 
is called top plate, while the one at the bottom is referred to as sill plate or sole plate. 
Most load bearing-wall construction requires that the top plate be doubled. 
(RSMeans, 2008)  
Figure 3.8 illustrates the components of a wooden stud wall. 
 
Figure 3.8: Components of a wooden stud wall (RSMeans, 2008). 
Sheathing 
Sheathing is installed over the framed wall, to complete the exterior wall system. It 
may be plywood or similarly rated sheathing materials. Sheathing gives the wall 
lateral rigidity and bracing against the wind. (RSMeans, 2008) Since it is made of 
rigid panels (usually OSB), it acts as permanent bracing for the walls. Sheathing shall 
be applied as soon as possible after the wall is framed. However some types of 
sheathing panels, like insulating plastic foam, are acting merely as thermal insulation 
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and do not serve as lateral bracing. In such cases, “diagonal bracing” shall be 
recessed into the outer face of the studs of each wall before it is erected. (Allen & 
Thallon, 2011)  
3.3.1.3 Floors 
The main members of a floor structure are the parallel pieces of 5 cm (nominal 2-in) 
dimensional lumber, referred to as floor joists.   
Joists 
Joists are part of the floor framing system, along with the girder, sill plates, sill 
sealers and subfloor sheathing. They provide the support for the floor. They are 
usually spaced at 30.5, 40.6 and 61 cm (12, 16, and 24 in.) on centre. The members 
with the nominal sizes of 5x10, 5x20, 5x25, and 5x30 cm (2x4, 2x8, 2x10 and 2x12 
in.) are usually used for floor joists. (RSMeans, 2008) The maximum distance, which 
the floor joists can span, differs depended on the joist size and species type. Floor 
joist spans for common lumber species are identified in “International Residential 
Code”. As an approximate, 5x15 cm (2x6 in) joists will span up to 2.4 m (8 feet), 
5x20 cm (2x8 in.) joists up to 3.4 m (11 feet), 5x25 cm (2x10 in.) joists up to 4.3 m 
(14 feet) and 5x30 cm (2x12 in) joists up to 5.2 m (17 feet). (IRC, 2000)  Sometimes 
it is necessary to reduce the joist span by locating at least one structural girder or 
structural wall oriented perpendicular to the joist. (Allen & Thallon, 2011) Most 
codes require that joist adjacent to the floor openings be doubled. Joists must also be 
doubled under partitions that run parallel to the joists. (RSMeans, 2008) Figure 3.9 
shows a wooden frame floor members.  
Floor framing members must be arranged in such a way that, the edges of uncut 
subfloor systems will fall directly over joists. Otherwise, many panels will have to be 
cut which is not economically and ecologically acceptable, because it wastes both 
material and time. The standard joist spacing is 406 or 610 mm (16 or 24 inches). 
(Allen & Thallon, 2011) 
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Figure 3.9: Components of a light weight wooden floor (Allen & Thallon, 2011). 
Rim joist 
The cross pieces at the ends of the joists are called header, rim joists, rim boards, or 
band joists. A band joist (also called a rim joist or header) is attached at the ends of 
the joists at the perimeter of the subfloor system. (RSMeans, 2008)  
Rim joists are also used around openings. Openings in floor framing for stairs, 
chimneys, or ducts are made by cutting out the joists. The ends of the cut joists are 
supported on a header that is in turn, supported on doubled joists at the sides of the 
openings as it can be seen in Figure 3.10. 
 
Figure 3.10: Headers and trimmers in floor openings (RSMeans, 2008). 
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Blocking and bridging 
In order to stabilizing the joists, blocking (blocks having square cross-sections are 
installed between joists) or bridging (x-shaped metal components) should be used. 
Bridging should be installed along the length of the joist at 1.8 m (6 feet) intervals. 
(Allen & Thallon, 2011). Figure 3.11 shows blocking and bridging between wooden 
joists. 
 
Figure 3.11: (a)Blocking the joists in wood light frame building  (Url-5) Bridging  
the joists in wood light frame building (Wood Light Frame 
Construction). 
Subflooring 
After nailing the joists in place, the subflooring is applied. The material, which is 
often used for subflooring, is OSB or plywood sheets. They re nailed or screwed to 
the top edges of the joists, but at the same time, they should be glued in order to 
prevent squeaking and increasing floor stiffness. The OSB and plywood must be 
oriented in such a way that, the grain of their face will lay perpendicular to the 
direction of floor joists. It is because that, these panels are considerably stiffer in this 
orientation.  
3.3.1.4 Stairs 
Interior stairs are typically framed using 5x30 cm (2x12 in.) lumbers or LVL that are  
notched to receive the treads and risers of the stair. These members are called 
stringers or stair jacks, and there are usually three of them, one on either side of the 
stair and one in the middle. Stringers adjacent to framed walls are normally spaced 
away from the wall with a 5x10 cm (2x4 in.) in order to allow finishing materials to 
slip down easily alongside the stringers. For reasons of safety, building codes are 
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very strict about the dimensions and proportions of stairways. Details of staircase in 
wood light frame construction is shown in Figure 3.12. 
 
Figure 3.12: Details of staircase in wood light frame construction (Allen & Thallon,  
                      2011). 
3.3.1.5 Roof 
Sloping roofs are usually used for light wood framed buildings. The main structural 
members in a sloping roof are the parallel members called rafters. They can be used 
to form a shed roof (single pitch roof), in which, walls at both ends support the 
rafters. Combining two rafter spans can provide a gable roof. A structural ridge beam 
must be located in top ends of the rafters to provide a support. To eliminate the need 
for a ridge beam, opposing rafters can be tied to one another at their bases forming a 
simple triangular truss. The opposing rafters are connected at their top ends to a 
nonstructural ridge board, and at their ands to ceiling joists. Figure 3.13 shows these 
two basic ways to support a gable roof.  
 
Figure 3.13: The basic two ways to support gable roofs (Allen & Thallon, 2011). 
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3.3.2 Assembling the structural members and erecting the frame 
While complex in its details, the platform frame is very simple in concept. Load 
bearing walls are erected upon a floor platform, the second floor platform is built 
upon those walls, and the other set of walls upon this platform. The attic and roof are 
then built upon the last set of walls. There might be some variations in details. For 
example, several types of roofs that do not incorporate attics are frequently used. 
As mentioned previously, the main structural members of the platform frame, consist 
entirely of nominal 5 cm (2-inch) dimensional lumber. They can be ordered in 
different lengths.
3
 At the construction site, members are measured and sawed to the 
exact length required for the frame.  
Each plane of structure (floor platform, wall frame, etc.) is basically constructed in 
the same way. Pieces of framing lumber are aligned parallel to one another, with 
equal spacing between them. Crosspieces are then placed at right angles to the 
parallel framing lumber and nailed to them at either end. Framing members are 
added around the opening to restore stiffness to the plane of structure. The assembled 
framing pieces are then covered with sheathing, ready for the application of finish 
material inside and outside. Many builders apply sheathing to the walls before 
erecting them while some other builders prefer to apply sheathing after assembling 
the members. 
All connections are made with nails, using face nailing, end nailing, or toe nailing as 
required by characteristics of each joint. Nails are driven either by hammer or by 
hand held pneumatic nailing machines (nail guns). In either case, the connection is 
quickly made, because the nails are installed without drilling holes or otherwise 
preparing the joint (Allen & Thallon, 2011). 
The construction practice of a wood light frame building is actually simple. After 
completing the foundation, basement beams are placed, sills are bolted to the 
foundation, and the first floor joists and subfloor are installed. Afterwards, walls are 
assembled horizontally on the platform and tilted up into place, and another platform 
or roof is built on the top of the walls. Most of the work is accomplished without the 
                                                 
 
3
 Usually 8, 10, 12, 14, 16, and up to 24 feet. (2.438m, 3.048m, 3.658m, 4.267m, 4.877m, and up to 
7.315m). 
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use of ladders or scaffolding, and temporary bracing is needed only to support the 
walls until the next level of framing is installed and sheathed.  
While sheathing the floor platform, it is important to pay attention to the direction of 
the sheathing sheets. Plywood sheets are considerably stiffer along their length than 
across their width. Therefore, they must laid with their long dimension perpendicular 
to the joist. In addition, the end joists are staggered to avoid lines of weakness. 
Figure 3.14 shows some pictures of construction steps of a typical construction site. 
In addition, Figure 3.15 illustrates the stages of construction in wooden light frame 
structures.  
 
Figure 3.14: Pictures of construction site- wood light frame structure (a),(b) Wall 
frame construction, (c),(d) Wall sheathing using OSB panels, (e),(f) 
Roof construction (Wood Light Frame Construction). 
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Figure 3.15: Stages of construction-wood light frame structures (Allen & Thallon,  
                       2011). 
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3.4 Structural Calculations 
Several factors are influencing the strength of timber, such as moisture content, 
density, duration of the applied loads, and size of members and presence of strength 
reducing characteristics like slope of grain, knots, fissures and wane.        
3.4.1 Design criteria 
Equation-solving software or spreadsheet application programs can be used to create 
a template that can easily generate the solution of many wood design equations. Of 
course, dedicated computer programs have their place in wood design; equation-
solving softwares have leveled the playing field considerably. 
For an acceptable design, the factored member force must be less than or equal to the 
adjusted LRFD resistance. If the factored member force exceeds the adjusted LRFD 
resistance, the design needs to be revised. 
It is important to note that, to establish nominal design value for use in LRFD, 
reference design values tabulated in NDS Supplement are multiplied by a “format 
conversion factor”, KF. The values of KF are based on the prescribed resistance factor 
φ. Format conversion factors are provided for different applications and properties in 
NDS. 
Design practice of this structure was carried out based on LRFD design method. In 
this method, a design is satisfactory as far as strength of each structural component 
equals to or exceeds the requires strength determined on the basis of nominal loads, 
multiplied by the applicable load factors, for all applicable load combinations. The 
design shall be performed in accordance with Equation (3.1) 
nu RR   (3.1) 
Where  
Ru = Required strength 
φ = Resistance factor 
Rn = Nominal strength 
φ Rn = Design strength 
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As it was mentioned before, several factors are influencing the strength of timber, 
such as moisture content, density, duration of the applied loads, and size of members, 
etc. To apply these effects, several adjustment factors has been defined and listed in 
NDS. Most of the adjustment factors values, are tabulated in NDS Supplement and 
they should be depended on the condition of the wood used in the project.  
Some of the specific adjustment factors for use in LRFD are as below: 
λ = time effect factor  
CM = wet service factor 
CF = flat use factor 
Ci = incising factor 
Ct
 
= temperature factor 
Cr = repetitive member factor 
Cp= Column stability factor 
These adjustment factors do not apply to all nominal resistances. In addition, other 
adjustments may be necessary in certain types of problems. Some tables of 
adjustment factors which exist in NDS supplement are shown in Appendix A.1.  
3.4.1.1 Beam design 
Design for longitudinal bending stresses-parallel to grain 
Ordinarily, the bending stress in a wood beam is parallel to the grain. For LRFD, this 
formula reveals that the actual bending stress computed using factored loads must be 
less than or equal to the adjusted LRFD bending design value. This is formulated in 
Equation (3.2): 
nu MM   (3.2) 
M'n is adjusted LRFD moment capacity which is obtained from Equation (3.3). 
SFM bnn   (3.3) 
where 
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Mu = moment in beam due to factored loads 
F'bn = adjusted LRFD bending design value 
S = section modulus of beam cross sections 
It is important to note that the adjusted bending design value described above 
assumes that lateral torsional buckling is prevented by the presence of adequate 
bracing. 
According to obtain adjusted bending design values for beams Equation (3.4) can be 
used: 
))()()()()()()(( irFLtMbbnbn CCCCCCFF   (3.4) 
in which Fbn is the nominal LRFD bending design value and is obtained from 
Equation (3.5). 
Fbbn KFF   (3.5) 
Design for shear  
For a steel I-beam, a nominal check on shear is made by dividing the total shear by 
the cross-sectional area of the web. For rectangular beams, the theoretical maximum 
”horizontal” shear must be used. The maximum shear is 1.5 times the average. 
Based on LRFD, the check on shear for a rectangular beam is mentioned in Equation 
(3.6). 
AFV vnu 
3
2
 
(3.6) 
where 
Vu= shear force in a beam due to factored loads 
F'vn= adjusted LRFD shear value which is obtained from Equation (3.7). 
))()()()(( itMuvnvn CCCFF   (3.7) 
in which Fvn equals to: 
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Fvvn KFF   (3.8) 
3.4.1.2 Column design 
Design for compression  
According to LRFD procedures, the check on the capacity of an axially loaded wood 
column of known size uses the Equation (3.9). 
nu PP   (3.9) 
and 
AFP cnn   (3.10) 
where 
Pu= axial compressive force in the member due to factored loads 
P'n= adjusted LRFD compressive resistance parallel to grain 
F'cn= adjusted LRFD compressive design value parallel to grain 
A= cross-sectional area 
The nominal and adjusted compressive design values are: 
Fccn KFF   (3.11) 
in which: 
))()()()()()(( iPFtmccncn CCCCCFF   (3.12) 
where 
φc= resistance factor for compression- LRFD =0.90 
Other factors are as perviously defined. 
In Equation 3.12 Cp represents the column stability factor. This factor takes buckling 
into account and is obtained from Equation (3.13). 
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where 
FcEn = nominal Euler critical buckling stress for columns-LRFD 
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Fcn
* 
= limiting LRFD compressive design value in column at zero slenderness ratio 
))()()()()((* iFtMccncn CCCCFF   (3.15) 
The value of Fcn  was mentioned in Equation (3.11). 
E'min  n = adjusted LRFD modulus of elasticity for column buckling. λ does not apply 
to Emin  n. 
))()()()((minmin iTtMsnn CCCCEE   (3.16) 
And 
))()()()()(( minmin iTtMsFn CCCCKEE   (3.17) 
 
φs = resistance factor for stability-LRFD =0.85 
CT= buckling stiffness factor 
Other factors are as previously defined. 
It is important to note that in equal bracing and end conditions, the larger slenderness 
ratio i used to calculate the adjusted compressive design value. Therefore, the weak 
axis is more critical in this condition. However, in the case of the example building 
in this thesis, in which sheathings are attached to the columns, unbraced lengths for x 
and y-axis are different. It is a well established fact that if the sheathing is attached to 
the column with an effective connection, buckling about an axis that is perpendicular 
to the sheathing is prevented. In the case of stud wall, the wall sheathing can prevent 
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column buckling about weak axis of the stud and only slenderness ratio about the 
strong axis of the member needs to be evaluated.  
Design for combined bending and compression  
The following interaction formula from the NDS is used to check the members which 
are prone to combined bending and compression loads: 
0.1
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(3.18) 
As it was expresses above, n stud walls buckling about the axis that is perpendicular 
to the sheathing is prevented. Therefore, in designing the members of stud walls, 
under combined bending and compression, Eq. (3.20) should be simplified as it is 
expressed in Eq. (3.21) 
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where 
fcu= factored (LRFD) compressive strength 
F'cn= adjusted LRFD compressive value as given in Eq. (3.12) 
= factored (LRFD) bending stress about x axis 
F'bxn= adjusted LRFD bending value about x axis 
F'cExn= Euler elastic buckling value based on the slenderness ratio for the x axis as 
given in Eq. (3.14) 
3.4.2 Structural analysis and design of the example building 
The concept of standardized light framed residential buildings is to build more 
buildings spending less time, money and energy. In order to achieve this target, 
structural analysis and design of this type of structures is simplified in project 
process. For example full structural analysis of the buildings are barely performed, 
instead, the loads are allocated to the Load-bearing members. Afterwards, structural 
design of each member is carried out according to the force obtained from load 
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Allocating process. This method is simple but not accurate enough. Furthermore, the 
actual behavior of the structure under applied loads cannot be drawn in this method. 
Considering the deficiencies of this method, structural analysis of the sample 
building in this thesis, is carried out using ETABS Software version 9. Because of 
the complexity of the modeling in ETABS, the primary 3D modeling of the structure 
was done using AutoCAD software. This model was then imported to ETABS in 
order to perform structural analysis.  
3.4.2.1 Material properties 
Wood is not associated as a material in ETABS by default. So the physical and 
mechanical characteristics of the chosen wood type were imported to the software to 
add a new material. 
The wood type, which is chosen to be used in this project, is from white oak species, 
“Select Structural” grade. The characteristics of this wood are displayed in Tables 
3.1 and 3.2.  This information are taken from NDS supplement. (see Appendix. A1) 
Table 3.1 : Characteristics of white oak- Elastic modulus (NDS supplement). 
Species and commercial 
grade 
Size 
classification 
Modulus of Elasticity 
  E(kg/cm
2
) Emin(kg/cm
2
) 
White Oak 
Select Structural 
2” and wider 77000 28000 
Table 3.2 : Characteristics of white oak-strength (NDS supplement). 
Species and 
commercial 
grade 
 
Bending 
 
(kg/cm
2
) 
Tension 
parallel 
to grain 
(kg/cm
2
) 
Shear 
parallel 
to grain 
(kg/cm
2
) 
Compression 
perpendicular 
to grain 
(kg/cm
2
) 
Compression 
parallel to 
grain 
(kg/cm
2
) 
White Oak 
Select Structural 
84 49 15.4 56 77 
3.4.2.2 Load definition 
Dead loads are obtained according to construction details of the building and 
materials used. The dead load values of the floors, roof, and walls are shown in Table 
3.3 and 3.4. 
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Live loads are taken are 200 kg/m
2
 for floors, 350 kg/m
2
 for stairs. There is no live 
load specified for pitched roofs in this standard. 
Table 3.3 : Dead load values of floors and roof for the example light wood framed 
building. 
Member Materials Loads(Kg/m
2
) 
Floors 
Plasterboard (1.9 cm) 
Glass fiber insulation (2.5 cm) 
OSB (2.2 cm) 
Glass wool insulation (10 cm) 
Plasterboard (1.25 cm) 
13.68 
0.35
 
12.7
 
1.12
 
10 
 Total 38 
Roof 
Roof joists(5cm x 20 cm @ 61 cm) 
Built-up felt (1.7 cm) 
Spaced boards ( 2.5x10 cm @ 10 cm) 
Clay tiles
 
Insulation: mineral wool(10 cm x 55 cm @ 60 
cm) 
Insulation: mineral wool (15 cm) 
Plasterboard (1.25 cm) 
11.7 
18 
17.5 
67 
2.3 
3.8 
10 
 Total 130 
*the members which are involved in structural modeling such as 2.2 cm OSB panel for floor is 
eliminated in this calculations. 
Table 3.4 : Dead load values of interior and exterior walls for the example light 
wood framed building. 
Member Materials Loads(Kg/m) 
Interior 
Walls 
 
Plaster board in each side (1.25 cm) 
Plaster board plank in each side (1.9 cm) 
Glass wool for thermal insulation (9 cm) 
55 
83.6 
2.97 
 Total 142 
Exterior 
Walls 
 
Plaster board applied to interior inside (1.25 
cm) 
Plaster board plank in external side (1.9 cm) 
Glass wool for thermal insulation (9 cm) 
Vertical spacers (1.9 x 6.3 cm) @ 60 cm 
Cement bonded particle boards (1.5 cm) 
 
27.5 
40.8 
2.97 
3.5 
37.54 
 Total 113 
* Weight of the elements, which are specified as structural members in software, is not 
included in this sum.   
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The majority of wood-frame buildings are designed using a linear static analysis 
approach. This method is called the “equivalent lateral force procedure”. The seismic 
design coefficients of the building are taken from Equation (2.1), which specifies the 
base shear formula as Equation (3.20). 
WCV s  (3.20) 
Where 
 V=base shear, W=weight of structure and Cs=seismic response coefficient. 
Cs is obtained by using the following equation:  
R
TSIA
Cs
)(0  (3.21) 
in which: A0= Effective Ground Acceleration Coefficient  
S(T)=Design spectrum coefficient, I=Importance factor,  
R=Response modification factor. 
The building period needed for calculation of S(T) is obtained using Equation (3.22). 
75.0)(02.0 nhT   (3.22) 
where hn is the height of the highest level above the base. 
All of these coefficients were obtained per “Specification for Buildings to Be Built in 
Seismic Zones”(2007) as it can be seen in Table 3.5. It is important to note that the 
R-value is different for different kinds of frames. Unfortunately, there is not any 
category among the frame types in DBYBHY-2007, referring to light framed 
buildings. In this regard this coefficient was taken from ASCE7, (Table 12.2-1) 
which assigns a value of 6.5 for Light-framed walls sheathed with structural panels. 
Design process is based on LRFD
4
 method, in which possible variations in both 
demanding (load) and capacity are used as safety factors. The load combinations 
specified in this method are expressed in Table 3.6.  
                                                 
 
4
 Load and Resistance Factor Design (also referred to as Strength Design or Ultimate Strength Design) 
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Table 3.5 : Seismic coefficients for wood light frame structure. 
Basic information Values Standards 
Seismic region: 1 A0=0.4 
 
 
DBYBHY2007 
ASCE 
Local soil type: Z2 S(T)=1.7 
Importance factor: Group 4 I=1  
Frame type: Light-framed walls sheathed with 
structural panel 
R=6.5  
 Cs=0.1  
Table 3.6 : Load combinations used in designing wood light frame structure. 
Load Combinations(LRFD) Standards 
1.4 (D+F) 
1.2 (D + F + T) + 1.6(L + H) + 0.5 (Lr or S or R) 
1.2 D + 1.6 (Lr or S or R) + (L or 0.8W) 
1.2D + 1.6W + L + 0.5(Lr or S or R) 
1.2D + 1.0E + L + 0.2S 
0.9D + 1.6W + 1.6H 
0.9D + 1.0E + 1.6 H 
 
 
 
ASCE 7- Sec. 2.3.2  
IBC Sec. 1605.2.1.  
 
D: Dead load, F:Fluid Load, T:Self-straining force, L:Live load, H: earth pressure, Lr:Roof 
live load, S:Snow load, R:Rain load, W:Wind load, E:Earthquake load. 
3.4.3 Structural analysis and design 
Figure 3.16 shows the structural modeling of the building using ETABS software. 
The initial calculations were carried out assuming 5x10 cm (nominal 2x4 in) 
dimension lumber for vertical elements, 5x20 cm (nominal 2x8 in) dimension lumber 
for joists, Double 5x20 cm (nominal 2x8 in) dimension lumber for window and door 
headers, double or single 5x10 cm (2x4 cm) dimensional lumber for top and sole 
plates, and window sills. 
As it was explained formerly lateral resistance and stability of stick-framed structures 
are usually provided by sheathing such as OSB or plywood panels. It is important to 
consider these members in structural modeling of the building. In order to model 
sheathing boards, wooden shell elements are defined. These elements are applied to 
each wall in the model. Furthermore, it is important to note that the connections of 
the elements are defined as pinned connections in the model. Therefore, without 
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applying this factor, the model would be unstable and it would be impossible to 
obtain the accurate outputs from software analysis. 
 
Figure 3.16 : Structural modeling of the building in ETABS. 
The sections, which are used in the primary steps of design, are summarized in Table 
3.7. In this table, both nominal size and standard dressed size of the sections are 
given. Furthermore a graphical definition of the primary design sections are shown in 
figure 3.17. 
Table 3.7 : Sections used in primary stages of design. 
Basic information  Section nominal size Standard dressed size 
Joists Nominal 2”x8” 3.81x18.4 cm (1.5” x 7.25”) 
Column Nominal 2”x4” 3.81x8.9 cm (1.5” x 3. 5”) 
Opening Headers Double Nominal 2”x8” Double 3.81x18.4 cm (1.5” x 7.25”) 
Window sill Double Nominal 2”x4” Double 3.81 x 8.9 cm (1.5” x 3.5”) 
Top and sole plates Double Nominal 2”x4 Double 3.81 x 8.9 cm (1.5” x 3.5”) 
From the outputs of the ETABS software, the forces applied to each member of the 
frame are extracted. Since checks for sufficiency of the members are not available in 
this software, this operation is done manually.  
Column forces are obtained from the Analysis results in ETABS. Structural design of 
the whole building has been preformed and the results are available. However, in 
order to avoid long outputs, design of the studs of two walls is mentioned in this 
thesis. 
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Figure 3.17 : Sections used in primary stages of design. 
3.4.3.1 Design for compression  
As it is shown in Figure 3.18, two walls namely WA5 and WA10 in first floor, and 
WB5 and WB10 in second floor are reported as an example of the design of full 
structure. A 5x10 cm (nominal 2x4 in) section is used as a primary assumption of 
stud members. The checks for sufficiency of this section are going to be investigated 
in the following parts. 
Compressive resistance of design sections are calculated and shown in Figure A.1, 
Figure A.2, Figure A.3, and Figure A.4 in Appendix A.2. Figure 3.19 shows an 
elevation of WA5. The numbers under the members refer to the labels by which they 
are associated in ETABS .Figure 3.20 shows the sections used in the design of W5 
wall.  
Name: Nominal 2”x4” 
Nominal size: 5x10 cm (2”x4”) 
Dressed size:  3.8x8.9 cm (1.5”x3.5”) 
Name: Double Nominal 2”x4” 
Nominal size: 10x10 cm (4”x4”) 
Dressed size: 7.6x8.9 cm (3”x3.5”) 
Name: Nominal 2”x8” 
Nominal size: 5x20 cm (2”x8”) 
Dressed size: 3.8x 18.4 cm (1.5”x 7.25”) 
Name: Double Nominal 2”x8” 
Nominal size: 10x20 cm (4”x8”) 
Dressed size: 7.6x18.4 cm (3”x7.25”) 
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The checks for compression members, in first and second floors are shown in Table 
3.8 for wall W5. 
Table 3.8 :  Checks for compression members-Walls WA5-WB5. 
Column 
Label 
Pu (Kg) 
Column 
Section 
Column 
height 
(cm) 
P'n 
(Kg) 
Check 
 
Story 1 Story 2 
   
Story 1 Story 2 
C9 1491.88 -636.82 nominal 2"x4" 300 1328 x √ 
C10 -735.02 -632.35 nominal 2"x4" 300 1328 √ √ 
C20 -748.27 _ nominal 2"x4" 300 1328 √ _ 
C23 -809.66 -569.75 nominal 2"x4" 300 1328 √ √ 
C24 -907.91 -539.91 nominal 2"x4" 300 1328 √ √ 
C25 -1030.67 -528.26 nominal 2"x4" 300 1328 √ √ 
C26 -1182.76 -551.75 nominal 2"x4" 300 1328 √ √ 
C27 -1194.30 -554.91 nominal 2"x4" 300 1328 √ √ 
C28 -1165.47 -541.78 nominal 2"x4" 300 1328 √ √ 
C29 -1266.39 -571.8 nominal 2"x4" 300 1328 √ √ 
C39 -1622.93 -683.61 nominal 2"x4" 300 1328 x √ 
C41 -1503.54 -623.63 nominal 2"x4" 300 1328 x √ 
C43 -1388.36 -631.91 nominal 2"x4" 300 1328 x √ 
C44 -1402.59 -640.19 nominal 2"x4" 300 1328 x √ 
C45 -1432.11 -658.79 nominal 2"x4" 300 1328 x √ 
C46 -1471.45 -685.02 nominal 2"x4" 300 1328 √ √ 
C49 _ -753.5 nominal 2"x4" 300 1328 _ √ 
C51 _ -854.19 nominal 2"x4" 300 1328 _ √ 
C52 -1546.33 -655.85 nominal 2"x4" 300 1328 x √ 
C88 _ -674.62 nominal 2"x4" 300 1328 _ √ 
C49-1 -1598.99 _ nominal 2"x4" 150 5672 √ _ 
C49-2 -1489.58 _ nominal 2"x4" 150 6052 √ _ 
C53-1 -806.82 -647.24 nominal 2"x4" 80 5672 √ √ 
C55-1 -703.8 -398.73 nominal 2"x4" 80 5672 √ √ 
C176-2 -1003.47 -501.94 nominal 2"x4" 80 6052 √ √ 
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Figure 3.18 : Location of the W5 walls in Plan layouts. 
                                                           
                      Figure 3.19 : Elevation of wall W5 and member label                                                                                        Figure 3.20 : Sections used in the design procedure of wall W5.
Name: Nominal 2”x 4” 
Nominal size: 5x10 cm (2”x4”) 
Dressed size: 3.81x8.9 (1.5”x3.5”) 
Name: Double nominal 2”x4” 
Nominal size: 10 x10 cm (4”x4”) 
Dressed size: 7.6x8.9 cm (3”x3.5”)  
Name: Nominal 2”x6” 
Nominal size: 5x15 cm (2”x6”) 
Dressed size: 3.8 x 13.9 (2”x5.5”) 
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Figure 3.21 : Location of the W10 walls in Plan layouts. 
                                                                      
        Figure 3.22 : Elevation of wall W10 and member labels                                                                                                             Figure 3.23 : Sections used in the design procedure of wall W10
Name: Nominal 2”x4” 
Nominal size: 5x10 cm (2”x4”) 
Dressed size: 3.8x8.9 cm (1.5”x3.5”) 
Name:  Double Nominal 2”x4” 
Nominal size: 10x10 cm (4”x4”) 
Dressed size: 7.6x8.9 cm (3”x3.5”) 
Name: Nominal 2”x6” 
Nominal size: 5x15 cm (2”x6”) 
Dressed size: 3.8x13.9cm (1.5”x5.5”) 
57 
As it can be seen from the Table 3.8, in some studs, 5x10 cm (nominal 2x4 in) 
members have not enough strength to carry the whole compression loads. In order to 
modify the sections, 5x15 cm (nominal 2x6 in) and two 5x10 cm (nominal 2x4 in) 
sections are proposed to be used in these members. For C9 it is preferred to use 
double 5x10 cm (nominal 2x4 in) in order to avoid increasing the thickness of the 
whole wall. However, in the right half of the stud wall 5x15 cm (nominal 2x6 in) is 
preferred. This preference is because of the insufficiency of several members in a 
row in this part. In this respect, using a pair of lumbers in each of these members is 
not logical. Proposing new sections for insufficient members is shown in Table 3.9. 
Table 3.9 : Checks for proposed sections for insufficient members under  
compression-Walls WA5-WB5. 
Column Label New Section P'n (Kg) Check 
 
                    Story 1 
C9 2nominal 2"x4" 4641 √ 
C39 nominal 2"x6" 4641 √ 
C41 nominal 2"x6" 4641 √ 
C43 nominal 2"x6" 4641 √ 
C44 nominal 2"x6" 4641 √ 
C45 nominal 2"x6" 4641 √ 
C52 nominal 2"x6" 4641 √ 
The location of W10 walls in first and second floor can be seen in figure 3.21.The 
elevation of wall W10 is shown in Figure 3.22. The numbers under the members 
refer to the labels by which they are associated in ETABS. The sections used in the 
design procedure of wall W10 is shown in figure 3.22.  
The checks for compression members, in the first and second floors are shown in 
Table 3.10 for wall W10. 
Table 3.10  : Checks for compression members-Walls W10. 
Column 
Label 
Pu (Kg) Column Section 
Column 
height 
(cm) 
P'n 
(Kg) 
Check 
 
Story 1 Story 2 
   
Story 
1 
Story 
2 
C117 -1121.82 -602.49 nominal 2"x4" 300 1328 √ √ 
C119 -1203.97 -507.06 nominal 2"x4" 300 1328 √ √ 
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Table 3.10 (continued) : Checks for compression members-Wall W10. 
C121 -1317.27 -1025.08 nominal 2"x4" 300 1328 √ √ 
C123 -1402.36 -652.49 nominal 2"x4" 300 1328 x √ 
C124 -1222.38 -857.03 nominal 2"x4" 300 1328 √ √ 
C125 -1191.52 _ nominal 2"x4" 300 1328 √ _ 
C126 -1129.38 _ nominal 2"x4" 300 1328 √ _ 
C127 -773.27 _ nominal 2"x4" 300 1328 √ _ 
C128 -834.74 _ nominal 2"x4" 300 1328 √ _ 
C129 -849.25 _ nominal 2"x4" 300 1328 √ _ 
C130 -2450.7 -888.77 nominal 2"x4" 300 1328 x √ 
C152-1 -940.19 _ nominal 2"x4" 100 5672 √ _ 
C154-1 -657.87 _ nominal 2"x4" 100 5672 √ _ 
C152-2 -570.02 _ nominal 2"x4" 80 6052 √ _ 
C154-2 -242.49 _ nominal 2"x4" 80 6052 √ _ 
Proposing new sections for insufficient members is shown in Table 3.11. 
Table 3.11 : Checks for proposed sections for insufficient members under 
compression-Walls W10. 
Column 
Label 
New Section P'n (Kg) Check 
 
                Story 1 
C123 2 nominal 2"x4" 2649 √ 
C130 2 nominal 2"x4" 2649 √ 
3.4.3.2 Checks for combined Bending and compression 
While reviewing the project results, amounts of bending moments in some of the 
members of walls such as studs beside openings were noticed. Although bending 
moments are not critical forces in stud walls, to insure the safety of structure, checks 
for combined bending and compression is done. In this part, some of the members in 
which bending moment seems to be more critical are checked and checks for all of 
the members are available on the CD attached to this thesis. Checks for the combined 
bending and compression for C49-1 from WA5, C49 for WB5, are shown in Figure 
A.5 and Figure A.6 in Appendix A.2 for these studs. The symbols are as formerly 
defined in Section 2.4.1. Checks for the combined bending and compression for 
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C127 from WA10 are shown in Figure A.7 in Appendix A.2. The symbols used are 
as formerly defined in Section 2.4.1. 
3.4.4 Beam design 
Forces applied to the beams are extracted from analysis results, and design checks 
for the beam sections are performed according to these results. Because many beams 
exist and several checks should be done for each of them, in order to avoid long 
tables in the thesis only checks for some of the joists are reported herein. Figure 3.24 
shows the sections used in the design of beams in this thesis. Figures 3.25 and 3.26 
show the span for which the results are shown in this thesis and the beam labels.  
 
Figure 3.24 : Sections used in design procedure of the beams. 
 
Figure 3.25 : The example beams chosen for checking in this thesis, First floor plan. 
Name: Double Nominal 2”x8” 
Nominal size: 10x20 cm (4”x8”) 
Dressed size: 7.6x18.4 cm (3”x 7.25”) 
Name: nominal 2”x8” 
Nominal size: 5x10 cm (2”x8”) 
Dressed size: 3.8x 18.4 cm (1.5”x7.25”) 
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Figure 3.26 : The example beams chosen for checking in this thesis, Second floor     
                        plan. 
3.4.4.1 Design for bending 
Table 3.12 shows the design checks for the beams under bending moment. 5x20 cm 
(nominal 2x8 in) dimensional lumber is used in the primary assumption for joist 
sections. Bending moment capacity of the sections has been calculated and shown in 
Figure A.8, in Appendix A.2. As it is evident from Table 3.12, moment capacities of 
the beams are far larger than the bending moments (i.e. bending demands), which are 
applied to the sections.   
Table 3.12 : Checks for joist sections under bending. 
Beam 
Label 
Mu (Kg-cm) 
Column 
Section 
M'n 
(Kg-cm) 
Check 
 
Story 1 Story 2 
  
Story 
1 
Story 
2 
B34 -645.576 -943.921 Nominal 2"x8" 53947 √ √ 
B41 -720.489 -862.741 Nominal 2"x8" 53947 √ √ 
B69 12950.611 12950.611 Nominal 2"x8" 53947 √ √ 
B78 12950.611 13124.372 Nominal 2"x8" 53947 √ √ 
B79 12953.032 12953.032 Nominal 2"x8" 53947 √ √ 
B80 12953.032 12953.032 Nominal 2"x8" 53947 √ √ 
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Table 3.12 (continued) : Checks for joist sections under bending 
B81 12950.611 12950.611 Nominal 2"x8" 53947 √ √ 
B82 12948.589 12948.589 Nominal 2"x8" 53947 √ √ 
B113 12949.265 12949.265 Nominal 2"x8" 53947 √ √ 
3.4.4.2 Shear check 
As it is shown in Table 3.13 the beams are checked also for shear forces. Shear 
capacities of the sections have been calculated and shown in Figure A.9, in Appendix 
A.2. As it is evident from Table 3.13, shear capacity of the beams are far larger than 
the shear forces (i.e. bending demands), which are applied to the sections. 
Table 3.13 : Checks for joist sections under shear. 
Beam 
Label 
Vu (Kg) 
Column 
Section 
V'n (Kg) Check 
 
Story 1 Story 2 
  
Story 1 Story 2 
B34 -60.58 52.68 Nominal 2"x8" 873.91 √ √ 
B41 76.15 64.5 Nominal 2"x8" 873.91 √ √ 
B69 -139.62 -139.62 Nominal 2"x8" 873.91 √ √ 
B78 -140.56 -3.07 Nominal 2"x8" 873.91 √ √ 
B79 -139.64 -140.56 Nominal 2"x8" 873.91 √ √ 
B80 -139.64 -139.64 Nominal 2"x8" 873.91 √ √ 
B81 -139.64 -139.62 Nominal 2"x8" 873.91 √ √ 
B82 -139.64 -139.6 Nominal 2"x8" 873.91 √ √ 
B113 -139.61 139.61 Nominal 2"x8" 873.91 √ √ 
3.5 Environmental Performance Calculations 
3.5.1 Embodied energy 
Embodied energy was formerly defined in pervious sections. In this section, the 
entire embodied energy of wood light frame building is calculated. The embodied 
energy values of the raw materials for each of the construction types are relatively 
well established, and sources for these values are cited. In this study, the amounts of 
embodied energy are taken from the results of a survey published by the “Sustainable 
Energy Research Team (SERT)” of the University of Bath. This information is based 
on a „Cradle-to-Gate‟ analysis of publicly available information. All of the materials, 
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which are used in the structures, are counted in this evaluation. However, some of the 
materials such as paint or foundation materials are considered the same in all 
systems. Table 3.14 shows the calculations related to embodied energies.  
Table 3.14 : Calculations for embodied energy of wood light frame building. 
System 
components 
Embodied 
energy 
(MJ/Kg) 
Weight 
(kg) 
Energy 
(MJ) 
Percent 
of total 
(%) 
Total 
embodie
d energy 
(MJ) 
Structural wood 10.4 8363 86975 19.6  
 OSB 15 7531 112965 25.5 
Glass wool 28 427 11942 2.7 
Plasterboard 6.75 6114 41270 9.3 
Built-up felt 21 1445.9 30219.3 6.8 
Clay tiles 6.5 5382 34983 7.9 442864 
Mineral wool 20.9 490 10241 2.3  
Plasterboard 6.75 6446 43511 9.8  
Cement bonded 
particle boards 
17* 2934 49878 11.3 
 
Wood parquet 12 1740 20880 4.7 
3.5.2 Insulation 
In order to evaluate the insulation properties of the structures, sections of exterior 
walls for wood light frame structural systems are taken, and the U-value for wall 
detail is calculated. As mentioned previously, U-value represents the thermal 
transmittance of the material. Therefore the lesser the U-value, the better thermal 
insulator the material is. 
Figure 3.27 shows the exterior wall detail and thermal conductivity values for each 
layer in wood light frame structure. In addition, Table 3.15 shows the calculations for 
the U-value for wood light frame structure. 
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Figure 3.27 : Exterior wall detail for wood light frame structure. (Thermal 
conductivity of each layers are shown). 
Table 3.15 : Calculations for U-values of an exterior wall- wood light frame 
structure. 
wall 
component 
Thickness 
Thermal 
conductivity 
Thermal 
resistance 
Total thermal 
resistance 
 d (m) λ (W/mK) R=d/λ (m2K/W) (∑R) (m2K/W) 
Internal surface - - 0.12  
gypsum board 0.013 0.21 0.06  
 OSB 0.022 0.13 0.17 
Glass wool 0.09 0.035 2.6 
Acoustic 
Gypsum board 
0.019 0.12 0.16 3.58 
OSB 0.022 0.13 0.17 
Air gap - - 0.18 
Cement-bonded 
particle board 
0.015 0.23 0.06 
External surface - - 0.06  
KmW
R
Uvalue 2/28.0
58.3
11

  
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3.5.3 Thermal mass 
As it was mentioned in pervious sections, thermal mass of a building system is also 
an important factor in evaluating the thermal performance of the building. In this 
regard, the TTC value (Thermal Time Constant) for the exterior wall section of each 
building is calculated in this section. The sections of exterior walls for wood light 
frame systems is shown in Figure 3.27. TTC of this wall section are calculated in 
Table 3.16. The values obtained from this table are the TTC per square meters. The 
bigger TTC value means the more thermal mass effect in the building. 
Table 3.16 : Calculations for TTC per area- wood light frame structure. 
Wall component Thickness Density 
Specific 
heat 
Thermal 
resistance 
TTC 
 d (m) p (Kg/m
3
) Cp(J/KgK) R (m
2
K/W)  
Internal surface - -  0.12  
Gypsum board 0.013 1300 840 0.06 2129 
OSB 0.022 640 1880 0.17 7015 
Glass wool 0.09 250 840 2.6 31185 
Gypsum board 0.019 1300 840 0.16 62866 
OSB 0.022 640 1880 0.17 84573 
Cement-bonded 
particle board 
0.015 400 1470 0.06 29194 
216963totalTTC  
3.6 General Remarks 
In this chapter the structural design of wooden members are given. The members 
generally attract smaller loads when compared to their capacities. However, some of 
the studs did not have sufficient capacity to transfer the applied loads. In these 
conditions, two studs are chosen as alternative sections for insufficient members. 
Beams have acceptable capacity against applied loads.  
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4.  LIGHT GAUGE STEEL FRAMING 
4.1 Introduction 
Cold formed steel framing, formerly known as light gauge steel, is a system, which is 
created by assembling the load bearing walls, flooring and roofing panels that are 
made up of cold-formed steel profiles. These frames are joined together according to 
the specific anchorage rules. (Proev
®
) Light gauge steel frame construction is the 
noncombustible equivalent of wood light frame construction. Shapes and sizes of the 
sections are similar to what builders are accustomed to seeing in dimensional lumber 
used in light weight timber framing. Actually, the idea that lies behind cold-formed 
steel framed housing is to use light and strong steel sections to make up the structure 
in a more efficient manner than traditional timber construction. Figure 4.1 shows an 
example of light gauge steel framing. 
 
Figure 4.1 : An example of light gauge steel framing (Url-6). 
The initial applications of light gauge steel framing systems were provided in 
Germany in late 1950‟s. They got their current shape in 1980‟s. the light steel houses 
replaced the wooden  
houses used extensively up to that date in USA. The increase of the wood prices and 
superiority of the light steel materials in terms of transportation led the market to turn 
to steel houses. With this 100% recyclable system, 100.000 houses were built in 
USA in 2002 as single and double-floor houses. The light steel building sector is 
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developing in Australia and Canada as well as USA. In Europe, on the other hand, it 
is employed in full for the regions with housing deficit. The sector is at its peak in 
USA.  For several reasons which some of them have been mentioned previously, the 
use of steel framing continues to grow every year. Over past decade, more than 40% 
of commercial structures and nearly 500,000 homes were constructed using these 
systems in United States (Proev
®
). 
4.2 Cold-formed Steel as a Structural Material 
Since material properties play an important role in the performance of structural 
members, it is important to be familiar with the mechanical properties of the steel 
members. The chief material used in forming the structure of light gauge steel 
framing is galvanized sheet steel, which is being shaped via roll forming to provide 
the sections. In order to protect the steel from corrosion, cold-formed steel members 
are coated. Hot-dipped zinc galvanizing have most commonly been used to protect 
the steel because of its effectiveness in preventing corrosion. (Allen & Thallon, 
2011)  
4.2.1 Mechanical properties 
4.2.1.1 Stress-strain curve 
Mechanical properties of Cold-formed steel are different from hot rolled steel. Steels 
produced by hot rolling are usually sharp yielding. For this type of steel, the yield 
stress is defined by the level at which the stress-strain curve becomes horizontal. 
However, steels that are cold reduced or cold worked show gradual yielding as it is 
shown in Figure 4.2. 
 
Figure 4.2. Stress-strain curve of (a) hot rolled steel, (b) Cold formed steel  
                            (Wei-Wen, 2010). 
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4.2.1.2 Modulus of elasticity 
Modulus of elasticity is defined by the slope of the initial straight portion of the 
stress–strain curve. The measured values of E on the basis of the standard methods 
usually range from 2 106 to 2.1 106 kg/cm2. A value of 2.07 106 kg/cm2 is 
recommended by AISI in its specification for design purposes. 
4.2.1.3 Shear modulus 
Shear modulus is used for computing the torsional buckling stress for the design of 
beams, columns, and wall studs in light gauge steel construction. Based on the theory 
of elasticity, the shear modulus can be computed by the Equation (4.1). 
)1(2 

E
G  (4.1) 
where E is the tensile modulus of elasticity and µ is the Poisson‟s ratio. By using 
2.07 106 kg/cm2 and µ=0.3 for steel in the elastic range, the value of shear modulus, 
G is taken as 794 103 kg/cm2 in the AISI Specification.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
4.2.1.4 Ductility 
Ductility is defined as „„an extent to which a material can sustain plastic deformation 
without rupture.‟‟  Ductility can be measured by (1) tension test, (2) bend test, or (3) 
notch test. The permanent elongation of a tensile test specimen is widely used as the 
indication of ductility. For the customary range in thickness of steel sheet, strip, or 
plate used for cold-formed steel structural members, the minimum elongation in 2-in. 
(50.8-mm) gage length varies from 10 to 30%. 
4.2.2 Factors influencing the strength of the cold-formed steel  
The use of thin material and cold-forming processes results in several design 
problems for cold-formed steel construction, and makes it different from those of 
heavy hot-rolled steel construction. The following is a brief discussion of some 
problems usually encountered in design. 
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4.2.2.1 Local buckling and post buckling strength 
Since the individual components of cold-formed steel members are usually so thin 
with respect to their widths, these thin elements may buckle at stress levels less than 
the yield point if they are subjected to compression, shear, bending, or bearing. Local 
buckling of such elements is therefore one of the major design considerations. 
During recent years, distortional buckling has been considered as one of the 
important limit states for the design of cold-formed steel beams and columns having 
edge-stiffened compression flanges. New design provisions have been added in the 
current North American specification. 
4.2.2.2 Torsional rigidity 
Because the torsional rigidity of open sections is proportional to t
3
, cold-formed steel 
sections consisting of thin elements are relatively weak against torsion. Because 
cold-formed steel sections are relatively thin and in some sections, the centroid and 
shear center do not coincide, torsional–flexural buckling may be a critical factor for 
compression members.  
4.2.2.3 Stiffeners in compression elements 
The load-carrying capacity and the buckling behavior of compression components of 
beams and columns can be improved considerably by the use of edge stiffeners or 
intermediate stiffeners. It is important to note that, for a section having a stiffened, 
partially stiffened, or unstiffened compression element, the entire width of the 
element is fully effective when the width-to thickness ratio of the element is small or 
when it is subjected to low compressive stress. However, as stress increases in the 
element having a relatively large width-to-thickness ratio, the portions adjacent to the 
supported edges are more structurally effective after the plate buckles. As a result, 
the stress distribution is nonuniform in the compression element. In the design of 
such members, the sectional properties are based on a reduced effective area. The 
effective width of a compression element not only varies with the unit stress applied 
but also depends on its width-to-thickness ratio. 
4.2.2.4 Thickness limitations 
In the design of cold-formed steel structural members the important factors are the 
width-to-thickness ratio of compression elements and the unit stress used; the 
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thickness of the steel itself is not a critical factor. Members formed of relatively thin 
steel sheet will function satisfactorily if designed in accordance with the AISI 
Specification. 
4.2.2.5 Temperature 
Great care must be taken in designing cold-formed steel structures for extreme high 
or low temperature environment. When temperatures are below zero, the yield stress, 
tensile strength, and modulus of elasticity of steel are generally increased. However, 
ductility and toughness are reduced. Mechanical properties of steel are generally 
reduced while it is subjected to temperature. Furthermore, thermal stress may be 
induced due to restraint of expansion and secondary stresses may be developed due 
to the additional deformation caused by thermal gradients. (Wei-Wen, 2010) 
4.2.3 Codes and specifications related to light gauge steel construction 
Identification of the steel product on the framing member should be in accordance 
with one of the following standards: 
ASTM C645 (non-structural framing members only) 
ASTM C955 (structural framing members only) 
Zinc coated steel sheets are identified in ASTM A653. (RSmeans, 2008) 
Required specifications for design of cold-formed steel framing can be found in AISI 
S100 2007: North American Specification for the Design of Cold-Formed Steel 
Structural Members. 
In addition, International Residential Code (IRC), has adopted prescriptive 
requirements for framing light-gauge steel one- and two-family dwellings. 
4.2.4 Components of light gauge steel frames 
The external dimensions of the standard sizes of light-gauge members correspond 
closely to the dimensions of the standard sizes of 2-inch nominal (38-mm) framing 
lumber. Framing members and building structure of light gauge steel framing is 
identically the same as wood light frame structure. The framing members of this 
structural system was  investigated during last chapter. Therefore, they are abstained 
to be repeated in this chapter. Only the steel equivalent of the members is going to be 
investigated in this part.    
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Roll forming is a process in which steel sheets are passed through a series of rollers 
to form the bends that make the shape, e.g. the web, flanges and lips of a stud or C-
shape. The members are folded in a shape that makes them stiff and strong. This 
process is done without heat and so that the studs and joists are stronger than the 
original sheet steel. (Steel Framing Allience
®) the name “light gauge” refers to the 
relative thinness (gauge) of the steel sheet from which the members are made (Allen 
& Thallon, 2011). Figure 4.3 shows the manufacturing process of light gauge steel 
members. 
 
Figure 4.3 : Manufacturing process of light gauge steel members (a) galvanized steel   
                     sheets, (b) folding the sheets into shapes, (c)  piercing the member webs  
                     (Url-7, Url-8).  
Cold-formed steel framing members used in construction must be identified with a 
legible sticker, stamp, stencil or embossment including the manufacturer‟s 
identification, minimum uncoated steel designation thickness (mills), and the level of 
corrosion protection if other than G60 and the minimum yield strength if other than 
grade 33 (RSmeans, 2008). 
4.2.4.1 C-shaped (Cee) sections 
For studs, joists, and rafters, the steel is formed into “C-shaped” (cee) sections. These 
sections are designed to fit snugly inside channel sections. The webs of “cee” 
members are punched at the factory to provide holes at 600-mm (2-foot) intervals. 
They are designed to allow wiring, piping, and bracing to pass through studs and 
joists (Allen & Thallon, 2011). 
4.2.4.2 Tracks 
Tracks are channel sections which are used for top and bottom wall plates and rim 
and header joists. Tracks shaped are illustrated in Figure 4.4. 
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Figure 4.4 : Typical Light Gauge Steel Framing Members. (a): Cee Sections          
                            (b): Track Sections (Allen & Thallon, 2011). 
Light gauge members are designed to nest together to form a tubular configuration 
that is especially strong and stiff when used for a ridge board or header. (See Figure 
4.5) 
 
Figure 4.5 : Steel sections nested together to form headers and trimmers (Allen &  
                      Thallon, 2011). 
4.3 Construction Methods for Light Gauge Steel Framing 
Light gauge steel framing  is usually constructed in platform fashion: the ground 
floor is framed with steel joists. Mastic adhesives are applied to the upper edges of 
the joists. Wood panel subflooring is fastened to the upper flanges of the joists with 
screws. Afterwards, steel studs are laid flat on the subfloor and joined to make wall 
frames (Figure 4.6). 
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Figure 4.6 : Joining the steel members to make wall frames. Wall frames are flipped  
                     over before sheathing (Steel Framing Alliance
TM
). 
Because the studs must be screwed to the top and bottom tracks from both sides, the 
wall frames must be flipped over before they are sheathed. Once sheathed or cross-
braced with steel straps, the first floor walls are tilted up and screwed to the floor 
frame. Next the upper floor platform is framed, then the upper floor walls. Finally, 
the ceiling and roof are framed, all in much the same way in a wood-framed house. 
Prefabricated truss of light-gauge steel members that are screwed or welded together 
are often used to frame ceiling and roofs. 
Openings in floors and walls are framed with double members around each opening 
and strong headers over doors and windows. “Joist hangers” and “right angle clips” 
of sheet steel are used to join members around openings. Figure 4.7 illustrates the 
detail of window header in light gauge steel framing. 
Because light steel members are much more prone to buckle or twist under load 
compared to wooden members, they must often be stiffened at locations where loads 
are great. Therefore, more attention must be paid on their bracing and bridging. In 
addition, in locations where large vertical forces must pass through floor joists, steel 
web stiffeners (called bearing stiffness in the code) are screwed to the webs of the 
joists to prevent the thin web from buckling. 
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Figure 4.7 : Window header detail in light gauge steel framing (Allen & Thallon,  
                         2011). 
Wall bracing consist of plywood or oriented strand board (OSB) panels or diagonal 
steel straps screwed to the stud. In the cases that, studs are not sheathed with gypsum 
board on the inside and approved panel sheathing on the outside, they must be braced 
horizontally at 1200-mm (4-foot) intervals. Bracing can be carried out either with 
steel straps screwed to the flanges of the studs or with 38-mm (½-inch) cold-formed 
steel channels passed through the punched openings in the studs and screwed to an 
angle clip at each stud. Figure 4.8 shows an example of steel straps in stud walls.   
 
Figure 4.8 : Straps used for strengthen stud walls against lateral loads (Url-9). 
Floor-joists are bridged with solid blocking between and steel straps screwed to their 
top and bottom edges. Permanent resistance to buckling, twisting, and lateral loads 
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such as wind and earthquake is imparted largely and very effectively by subflooring, 
wall sheathing, and interior finish materials.  
Figure 4.9 shows some pictures of light gauge steel construction. The framing, OSB 
sheathing and connections can be seen in these pictures. 
Figure 4.9 : Pictures from construction site, light gauge steel framing.(a)wall panels   
                     construction, (b) floor panels construction,   (c) Roof construction, (d)  
                     wall sheathing using OSB panels, (e) , (f) connection details (Taşkıran,    
                     2005). 
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4.4 Structural Design of Light Gauge Steel Members 
4.4.1 Design criteria 
Design criteria for cold-formed steel are explained in the following sections. 
4.4.1.1 Design for bending  
Based on the LRFD design method, the structural safety requirement for the flexural 
or bending strength is expressed in Eq. (4.2) 
nbu MM   (4.2) 
where  
Mu= required flexural strength or bending moment-LRFD 
φb= resistance factor (0.95 for nominal section strength of stiffened or partially 
stiffened members, 0.9 for nominal section strength of stiffened or partially 
unstiffened members) 
Mn= section strength or bending moment 
Nominal section strength for initiation of yielding is calculated using Eq(4.3) 
yeyn FSMM   (4.3) 
where 
Fy = Design yield stress 
Se = elastic section modulus of the effective section 
4.4.1.2 Design for lateral torsional buckling 
The nominal lateral-torsional buckling strength is determined by Equation (4.4) 
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where 
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Sc= elastic section modulus of effective section calculated in Fc(=Mc/Sf) in extreme 
compression fiber.  
Sf= elastic section modulus of full unbraced section 
Mc= elastic or inelastic critical moment:  
If ye
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My = yield moment 
Me = elastic critical moment 
4.4.1.3 Design for shear  
The nominal shear strength, Vn, shall be calculated in accordance with Equation (4.5) 
vwn FAV   (4.5) 
Fv  is calculated depending on the h/t value of the beam section as follows: 
yv FEkthFor // 
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(4.6c) 
where  
Vn = nominal shear strength  
Aw= area of web element=ht 
h= depth of the flat portion of the web measured along the plane of the web 
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t=web thickness 
Fv= nominal shear stress 
E= modulus of elasticity 
Kv=shear buckling coefficient depending on web reinforcement as follows: 
1.For unreinforced webs, = 5.34 
2. For Beam webs with bearing stiffness: 
2)/(
34.5
00.4
ha

                         
0.1
h
a
when  (4.7a) 
2)/(
00.4
34.5
ha

                         
0.1
h
a
when
 
(4.7b) 
where 
 a= clear distance between transverse stiffeners for reinforced web element 
Fy= design yield stress  
4.4.1.4 Design for combined shear and bending 
For beams with unreinforced webs, the required flexural strength, Mu, and the 
required shear strength, Vu, shall satisfy the following interaction:  
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 (4.8) 
in which 
Mu= required flexural strength 
Φb= resistance factor for bending 
Mnxo= nominal flexural strength about the centrodial x axis 
Vu= required shear strength 
Φv= resistance factor for shear 
Vn= nominal shear strength when shear is considered alone 
kv 
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4.4.1.5 Design for axial loads 
Similarly as the heavy hot-rolled steel sections, thin-walled, cold formed steel 
compression members can be used to carry a compressive load applied through the 
centroid of the cross section. The axial load applied to the section should not exceed 
the value expressed in eq. (4.8). 
cna PP   (4.8) 
nen FAP 
 
(4.9) 
where 
Pa= allowable axial strength 
Φc= resistance factor=0.85 for axial strength 
Pn= nominal compression strength 
Fn= nominal compression stress 
Ae=effective area calculated at stress Fn. 
Fn shall be calculated as follows: 
yF
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Fy= yield stress 
Fe= the least of the applicable elastic flexural, torsional, and flexural-torsional 
buckling stress. 
Fn 
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4.4.1.6 Design for combined axial load and bending 
When Pu/ΦcPn≤0.15, the following equation is used to check the sections under 
combined axial and bending loads: 
0.1
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 (4.11) 
where  
Pu= required compressive axial strength. 
Φc= resistance factor for compression (0.85)-LRFD 
Pn=nominal axial strength 
Mux, Muy= required flexural strengths with respect to centroidal axes of effective 
section. 
Φb= resistance factor for bending (0.95)-LRFD 
Mnx, Mny= nominal flexural strengths with respect to centroidal axes of effective 
section. 
4.5 Structural analysis and design of the example building using light gauge 
steel materials 
In this section, structural analysis and design of the example building is carried out 
using ETABS software. The details about the designing are explained below. 
4.5.1 Load definition 
Table 4.1 shows the dead load values for roof and floors.  
Table 4.1 :  Dead load values of floors and roof for the example light gauge steel 
framed building. 
Member Materials Loads (Kg/m
2
) 
Floors 
floor covering 
floor concrete 
Ceiling joists 
Glass wool insulation (10 cm) 
Plasterboard (1.25 cm) 
12.8
 
144 
5.46
 
1.08
 
10 
 Total 174 
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Table 4.1 : (continued) Dead load values of floors and roof for the example light 
gauge steel framed building. 
Roof 
Roof joists(5cm x 20 cm @ 61 cm) 
Clay tiles 
Glass wool insulation (100 cm)
 
Plasterboard (1.25 cm) 
 
5.45 
67 
1.08 
10 
 Total 83.53 
Dead loads of interior and exterior walls can be seen in Table 4.2. It is important to 
note that, the loads of structural members, which are defined in ETABS, such as 
studs and tracks, OSB panels etc. are not considered in this part.  
Table 4.2: Dead load values of interior and exterior walls for the example light 
gauge steel framed building. 
Member Materials Loads(Kg/m) 
Interior Walls 
 
Plaster board in each side (1.25 cm) 
Glass wool for thermal insulation (10 cmm) 
55 
3.3 
 Total 38.3 
 
Plaster board applied to interior side (1.25 
cm) 
Plasterboard plank applied to exterior side 
(1.9) 
Glass wool for thermal insulation (10 cm) 
Vinyl exterior finishing(2.2 cm) 
27.5 
40.8 
3.3 
72.6 
 Total 144.2 
Seismic coefficients of the building are calculated according to “Specification for 
Buildings to Be Built in Seismic Zones, 2007” ( DBYBHY 2007) as it is shown in 
Table 4.3. 
Table 4.3 : Seismic coefficient of the building. 
Basic information Values Standards 
Seismic region: 1 
 
A0=0.4  
 
DBYBHY2007 
 
Local soil type: Z2 S(T)=2.5 
Importance factor: group 4 I=1 
Frame type: Light-framed walls 
sheathed with structural panels 
R=6 
 Cs=0.16  
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The load combinations used for designing the structure are shown in Table 4.4. Load 
combinations are taken from the ETABS default combinations, which are proposed 
in  ASCE7.0 standards.  
Table 4.4 : Load combinations used in design of structure. 
Load Combinations (LRFD) Standards 
1.4D 
1.2D + 1.6 L 
1.2 D + 0.5 L ± (1.3 W or E) 
1.2D ±  (1.3W or E) 
0.9D ± (1.3W 0r E) 
 
 
ASCE 7.0 
 
4.5.2 Structural analysis and design 
Structural analysis and design of light gauge steel structure are carried out using 
ETABS software. The material properties and sections are defined in this software. 
All of the studs and tracks are modeled and OSB sheathing for walls are defined as 
shell elements. Furthermore, subflooring decks are defined in the software in order to 
make the model as similar as possible to the real structure. Figure 4.10 shows the 3D 
model of the structure in ETABS. Similar to the procedure followed in wood light 
frame structure, since the complexity and longsome of the design procedure, the 
analysis results and design reports of only some parts of the structure are going to be 
reported in this part. Other information can be reached in attachment on a CD. 
 
Figure 4.10 : 3D modeling of light gauge steel  structure in ETABS.
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The sections, used for studs and tracks in this project are taken from AKKON
®
 
products. The sections are defined to software by drawing each of them in section 
designer of the software.  Figure 4.11 illustrates the sections with their name and 
dimensions. 
 
Figure 4.11 : Sections used in designing light gauge steel structure (AKKON
®
). 
4.5.2.1 Column design 
Designing structural members for light gauge steel system is carried out using 
ETABS. Results from structural analysis and design are extracts and available on the 
attached CD. However as an example, analysis results and design checks for W5 wall 
are reported in the following sections. Location of W5 in plan is illustrated in Figure 
4.12. An elevation of this wall and stud labels are shown in Figure 4.13. 
Design for compression 
The primary stages of design procedure were done assuming AK-CS14915 for all of 
the stud sections. However stud sections was lately changed for some of the studs to 
AK-CS1510 or a pair of C-sections. As it is shown in Figure 4.14, two kind of 
sections are used in designing W5 wall. The first section is AK-CS14915, while the 
other section is a combination of two AK-CS14915.     
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Figure 4.12 : Locations of the walls in floor‟s layouts. 
                                                                              
                       Figure 4.13 : Elevation of W5 and stud labels.                                                                       Figure 4.14 : Sections used in design of W5 (a) AK-CS14915, (b) Double AK-CS14915.
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Table 4.5 shows the column sections, compressive forces applied to each section, and 
compressive strength of them, which are extracted from ETABS. Since this structure 
has been analyzed and designed using ETABS, the process of checking and changing 
the insufficient sections had been carried out during design procedure. 
Table 4.5 : Column axial loads and capacities for studs of W5 wall- light gauge steel 
design. 
Column 
Label 
Pu (Kg) Column Section 
Column 
height 
(cm) 
P'n (Kg) Check 
 
Story 1 Story 2 
  
Story 1 Story 2 
Story 
1 
Story 2 
C9 1586.28 -636.82 AK-CS14915 300 1907.8 1776 √ √ 
C10 -1461.7 -634 AK-CS14915 300 1907.8 1776 √ √ 
C23 -1352.8 -576.7 AK-CS14915 300 1776 1776 √ √ 
C24 -1296.1 -542.7 AK-CS14915 300 1776 1776 √ √ 
C25 -1293.9 -527.4 AK-CS14915 300 1776 1776 √ √ 
C27 -1332.9 -531 AK-CS14915 300 1907.8 1776 √ √ 
C28 -1340.8 -532.5 AK-CS14915 300 1776 1776 √ √ 
C29 -1419.12 -571.8 AK-CS14915 300 2965.8 2965.8 √ √ 
C39 -1791.26 -614.18 AK-CS14915 300 2965.8 2965.8 √ √ 
C41 -1724 -546.6 AK-CS14915 300 2965.8 2965.8 √ √ 
C43 -1696 -532.4 AK-CS14915 300 2965.8 2965.8 √ √ 
C44 -1520.6 -546 AK-CS14915 300 1776 1776 √ √ 
C45 -1398.9 -561.8 AK-CS14915 300 1907.8 1776 √ √ 
C49 _ -547.8 AK-CS14915 300 _ 727.2 _ √ 
C51 1276.9 600.09 AK-CS14915 300 5364.3 1776 _ √ 
C88 -1382.8 -566.74 AK-CS14915 300 5231.5 1776 _ √ 
C49-1 -1748.6 _ 2 x AK-CS14915 140 12718 _ √ _ 
C49-2 -1830.5 _ 2 x AK-CS14915 160 12718 _ √ _ 
C53-1 -1290.6 -708.3 AK-CS14915 80 7365.5 7365.5 √ √ 
C55-1 -912.8 459 AK-CS14915 80 7365.5 7365.5 √ √ 
C176-2 -1392.4 -582.9 AK-CS14915 80 7365.5 7365.5 √ √ 
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Although the major design concern is compressive forces in stud design, however in 
some studs bending moment exists. Checks for bending moment and combined 
bending and compression are performed in ETABS and the values are shown in 
Table 4.6. 
Table 4.6 : Bending moment loads and capacities for studs of W5 wall- light gauge 
steel design . 
Column 
Label 
Mu (Kg) Column Section M'n (Kg) Check 
 
Story 1 Story 2 
 
Story 1 Story 2 
Story 
1 
Story 
2 
C41 558.84 520.35 AK-CS14915 37995 37995 √ √ 
C43 213.8 87.93 AK-CS14915 37995 37995 √ √ 
C51 27.37 0 AK-CS14915 37955 37955 √ √ 
C88 124.1 0 AK-CS14915 37955 37955 √ √ 
4.5.2.2 Beam design 
The design of the beams is conducted under bending moment and shear force. 
Because many beams exist and several checks are done for each of them, in order to 
avoid ling tables in the thesis, only checks for some of the joists are reported herein. 
Figures 4.15 and 4.16 show the span for which the results are shown in this thesis 
and beam labels in order to ETABS calculations. 
 
Figure 4.15 : The example beams chosen for checking in this thesis, First floor plan. 
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Figure 4.16 : The example beams chosen for checking in this thesis, Second floor           
                       plan. 
Bending checks 
In Table 4.7 flexural checks for beams of one span of the building are summarized. 
Figure 4.17 shows the sections used in the design of the beams in this thesis. 
 
Figure 4.17 : The section used in the beam design as defined in ETABS (a)AK-  
                      CS25420, (b)AK-CS15215. 
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Table 4.7 : Flexural checks for light gauge steel beams. 
Beam 
Label 
Mu (Kg-cm) 
Column 
Section 
M'n 
(Kg-cm) 
Check 
 
Story 1 Story 2 
  
Story 1 Story 2 
B34 -978.17 -1318.4 AK-CS15215 38012 √ √ 
B41 4654.5 948.3 AK-CS25420 133521 √ √ 
B69 -733.7 -733.7 AK-CS15215 38012 √ √ 
B78 -704 -704 AK-CS15215 38012 √ √ 
B79 -704.1 -704.1 AK-CS15215 38012 √ √ 
B80 704.1 704.1 AK-CS15215 38012 √ √ 
B81 704 704 AK-CS15215 38012 √ √ 
B82 703.9 703.9 AK-CS15215 38012 √ √ 
B113 703.9 703.9 AK-CS15215 38012 √ √ 
Shear checks 
Shear checks for example beams are shown in Table 4.8. 
Table 4.8 : Shear checks for light gauge steel beams. 
Beam 
Label 
Vu (Kg-cm) 
Column 
Section 
V'n 
(Kg-cm) 
Check 
 
Story 1 Story 2 
  
Story 1 Story 2 
B34 82.1 -39.20 AK-CS15215 2981.8 √ √ 
B41 -94.51 605.72 AK-CS25420 6530.1 √ √ 
B69 -7.70 -7.70 AK-CS15215 2981.8 √ √ 
B78 -7.86 -7.86 AK-CS15215 2981.8 √ √ 
B79 -7.70 -7.70 AK-CS15215 2981.8 √ √ 
B80 -7.70 -7.70 AK-CS15215 2981.8 √ √ 
B81 -7.70 -7.70 AK-CS15215 2981.8 √ √ 
B82 -7.70 -7.70 AK-CS15215 2981.8 √ √ 
B113 -7.70 -7.70 AK-CS15215 2981.8 √ √ 
4.6 Environmental Performance Calculations 
4.6.1 Embodied energy 
Embodied energy was formerly defined in pervious sections. In this section, the 
entire embodied energy of light gauge steel building is calculated. The embodied 
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energy values of the raw materials for each of the construction types are relatively 
well established, and sources for these values are cited. In this study, the amounts of 
embodied energy are taken from the results of a survey published by the “Sustainable 
Energy Research Team (SERT)” of the University of Bath. This information is based 
on a „Cradle-to-Gate‟ analysis of publicly available information. All of the materials, 
which are used in the structures, are counted in this evaluation. However, some of the 
materials such as paint or foundation materials are considered the same in all 
systems. Tables 4.9 shows the calculations related to embodied energies.  
Table 4.9 : Calculations for embodied energy of light gauge steel building. 
System 
components 
Embodied energy 
(MJ/Kg) 
Weight 
(kg) 
Energy 
(MJ) 
Percent 
of total 
(%) 
Total embodied 
energy (MJ) 
Steel 20.10 4284 86108.4 12.0  
 OSB(10 cm) 15 5277 31200 4.4 
Glass wool(1 
cm) 
28 8536.6 9940 1.4 
Concrete 1.1 19574 21531 3.0 716012 
Plasterboard 6.75 4897.5 33058 4.6 
vinyl 65.64 7605 499192 69.7 
Clay tiles 6.5 5382 34983 4.9  
4.6.2 Insulation 
In order to evaluate the insulation properties of the structures, sections of exterior 
walls for light gauge steel systems are taken, and the U-value for wall detail is 
calculated. As mentioned previously, U-value represents the thermal transmittance of 
the material. Therefore the less the U-value, the better thermal insulator the material 
is. Figure 4.18 shows the exterior wall detail and thermal conductivity values for 
each layer in light gauge steel structure. In addition, Table 4.10 shows the 
calculations of the U-value for light gauge steel wall system.  
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Figure 4.18 : Exterior wall detail for light gauge steel frame structure. (Thermal 
conductivity of each layers are shown). 
Table 4.10 : Calculations for U-values of an exterior wall- light gauge steel frame 
structure. 
wall 
component 
Thickness 
Thermal 
conductivity 
Thermal 
resistance 
Total Thermal 
resistance 
 d (m) λ (W/mK) R=d/λ (m2K/W) (∑R) (m2K/W) 
Internal surface - - 0.12  
gypsum board 0.013 0.21 0.06  
 OSB 0.022 0.13 0.17 
Glass wool 0.09 0.035  2.6  
Acoustic 
Gypsum board 
0.019 0.12 0.16 3.6 
OSB 0.022 0.13 0.17 
Air gap - - 0.18 
Vinyl 0.022 0.25 0.088 
External surface - - 0.06  
KmW
R
Uvalue 2/28.0
6.3
11


 
4.6.3 Thermal mass 
As it was mentioned in pervious sections, thermal mass of a building system is also 
an important factor in evaluating the thermal performance of the building. In this 
91 
regard, the TTC value (Thermal Time Constant) for the exterior wall section of each 
building is calculated in this section. The sections of exterior walls for light gauge 
steel systems is shown in Figure 4.18. TTC of this wall section are calculated in 
Table 4.11. The values obtained from this table are the TTC per square meters. The 
bigger TTC value means the more thermal mass effect in the building. 
Table 4.11 : Calculations for TTC per area- light gauge steel frame structure. 
Wall 
component 
Thickness Density 
Specific 
heat 
Thermal 
resistance 
TTC 
 d (m) p (Kg/m
3
) Cp(J/KgK) R (m
2
K/W)  
Internal surface - -  0.12  
Gypsum board 0.013 1300 840 0.06 2129 
OSB 0.022 640 1880 0.17 7015 
Glass wool 0.09 250 840 2.6 31185 
Gypsum board 0.019 1300 840 0.16 62866 
OSB 0.022 640 1880 0.17 84573 
Vinyl 0.022 1300 900 0.088 85560 
273328totalTTC  
4.7 General Remarks 
In this chapter the structural design of light gauge steel structure is explained. The 
sections are labeled as AK-CS14915 in some studs, did not have enough capacity to 
resist the applied loads. In this respect, the members have been modified as AK-
CS25015 or AK-CS25020. Changing the members into wider sections requires 
changing the whole wall sections. Therefore, the thickness of some walls are 
changed in order to provide sufficient structural capacity. The beams sections, which 
are located above the thicker walls, also changed. The beams in this project are 
acceptable in terms of structural capacity and do not need to be changed. 
 
92 
93 
5.  STRUCTURAL 3D SANDWICH PANELS 
5.1  Introduction 
3D sandwich panel structural system is an innovative insulating building system with 
load bearing walls. The idea, on which this building system is based, is the industrial 
manufacturing of the panel, which has to be subsequently assembled and installed by 
means of projected concrete. This idea has been appreciated and used in the entire 
world for over 30 years. (EMMEDUE
TM
-panel‟s card, 2/2/2012) The expression, 3D 
panel, is referred to the structural panels, which consist of a welded wire space frame 
integrated with a polystyrene insulation core. These panels are used in the 
construction of exterior and interior load-bearing walls, partitions, floors and even in 
stairs in all types of construction. The wall panel receives its strength and rigidity 
from the diagonal or horizontal cross wires welded to the welded wire fabric on each 
side. This combination creates a truss behavior, which provides rigidity and shear 
terms for full composite behavior. (Kabir, M., 2005) Figure 5.1 shows the 
components of a typical 3D wall panel. 
 
Figure 5.1 : Components of 3D wall panel (Kabir and Nasab, 2002). 
Concrete is a unique material, which has been developed and studied over tens of 
years. The availability and low cost of concrete combined with its flexibility in 
construction drive the pervasive use of it in practice. On the other hand, the need to 
properly contain and cure concrete in the construction process requires consideration 
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of environmental conditions, time-schedule, quality control, and special equipment. 
However, the application of installing and applying 3D panels on site, are much more 
easier than conventional concrete construction methods, thanks to the lightness of the 
panels, ease of handling and installation, and using shotcrete instead of poured 
concrete, which also eliminates the requirement for concrete form.  
5.2 3D Panels as Structural Members 
5.2.1 Mechanical properties 
5.2.1.1 Stress-strain curve 
In an experiment which was carried out in Amirkabir university of Technology, by 
M. Z. Kabir and M. H. Nasab, the stress strain curve of a single 3D wall panel, was 
achieved as it is shown  in Figure 5.2.     
 
Figure 5.2 : Stress-strain curve for 3D panels (Kabir and Nasab, 2002). 
5.2.1.2 Modulus of elasticity 
According to  ACI 318M-08 Section 8.5.1, for a normal weight concrete, the 
modulus of elasticity is obtained from Equation (5.1).  
2/15100 cmkgfE cc   (5.1) 
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5.2.2 Structural behavior 
M. Z. Kabir and M. H. Nasab, has evaluated the structural behavior of 3D sandwich 
panels. According to their study, “the load deflection behavior shows that these 
panels carry the load as partially composite panel under service loads. In linear 
elastic zone, the stresses and strength of each panel can be computed by linear elastic 
structural analysis and ACI 318M-02 code could be applied. For non-linear portion, 
the section behaves precisely a partially composite section and the analysis should be 
performed based on inelastic strain distribution. In shear analysis, the panel behaves 
as a deep beam and the failure mechanism is based on shear sliding” (Kabir and 
Nasab, 2002). 
5.2.3 Codes and specifications related to 3D panel system construction 
The originality and the propriety of the 3D panel system, as well as its continuous 
development and updating, have been supported throughout recent years by a series 
of patents, tests and experiments carried out on panels and prototypes, as well as by 
certificates and homologations released by authoritative institutes in several countries 
in the world. Moreover, the 3D panel quality system is certified according to the UNI 
EN ISO 9001 regulation. Furthermore, some local standards related to 3D panels 
have been published during recent years. Concrete applied in the 3D panel systems 
should  be in accordance with the provisions of the guide to shotcrete ACI 506R-90 
and specification for shotcrete ACI 506R-90. Furthermore, shotcrete application 
must comply with Section 1913 of the IBC. In this project, ACI 318M-08- Building 
Code Requirements for Structural Concrete- is used for the analyzing and designing 
process. 
5.3 Materials and Properties 
As mentioned formerly, 3D panels consist of electro welded steel wire meshes, and 
structural shotcrete applied to both sides of a foam polystyrene core. The 
characteristics of these components are explained in following sections: 
5.3.1 Polystyrene (EPS) 
Self-extinguishing foam polystyrene-also known as sintered foam polystyrene (EPS) 
is one of the base materials of 3D sandwich panels. It is used both as a disposable 
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form and as an insulating layer. The EPS is made up of carbon, hydrogen, and for 
98% air. Polystyrene is obtained through the polymerization of styrene. Before being 
expanded, the polystyrene is in a glassy granule form (beads), with size ranging from 
0.3 to 2.8 mm. Pre-expansion, -Figure 5.3(a)- that is the physical-chemical process, 
leads to the formation of the polystyrene beads. This process takes place by heating 
the polystyrene. The beads obtained are then treated with water vapour at 
temperatures above 90°C so the pentane they contain expands causing an increase in 
their initial volume of up to 20-25 times, forming an internal closed cell structure that 
holds the air and gives the product its excellent thermal insulation properties. The 
expanded and dried beads are injected into a mould and are again subjected to vapor 
that causes a further swelling. This process completely closes the interstices between 
the beads that, welded together, create a homogeneous block of foam. (Figure 5.3 
(b)). After cooling, these blocks are left to cure before final cutting into slabs. 
Afterwards, the blocks are cut and shaped by a CNC hot-wire cutter. According to 
the specific job requirements, the operator programs the high-precision cutting. 
Figure 5.3 illustrates the manufacturing process of EPS core for use in 3D sandwich 
panels (EMMEDUE®). Figure 5.3 also shows the manufacturing process of EPS 
boards. 
 
Figure 5.3 : Manufacturing process of EPS boards, (a)pre-expansion, (b) beads are 
injected into a mould and subjected to vapor, (c) hot-wire cutter (Url-
10). 
The EPS board from which the panels are made, is recognized in ICC-ES ESR-1798. 
This kind of EPS is Type I EPS with a minimum density of 0.90- 14.4 kg/m³, a 
flame-spread index of 25 or less and a smoke-developed index of 450 or less. (ESR-
2037)  It is non-toxic, non-hazardous, self-extinguishing and chemically inert with 
varying density and thickness. Thickness, shape and density of the panel polystyrene 
core may change according to specific requirements. The minimum density normally 
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used in 3D wall panel systems, is equal to 15 kg/m³. The panels are produced with a 
standard width of 112.5 cm and their length depends on the measurements of the 
architectural project. There is no theoretical limit to the panel‟s height, while, 
practically, the length of the plane of the truck, in which it is transported, (13.60 
meters) represents the limit. 
5.3.2 Meshes 
Steel mesh is necessary to connect the different elements of the structure and give the 
continuity once the shotcrete is applied. It is also essential to avoid cracking in the 
concrete in correspondence of the points in which there is a concentration of stress. 
The wire gauge varies according to panel type and mesh direction. For example, the 
EMMEDUE
®
 Company in Italy manufactures high-resistance steel meshes 
composed of bars having variable diameter, from 2.5 to 5 mm, while the 
manufacturer of these panels in Turkey uses the steel meshes composed of bars 
having the diameters of 3.5 to 5 mm. (EMMEDUE
®
). 
The manufacturing process of wire meshes is actually so simple. The automatic 
welding plant is equipped with a system, which feeds the longitudinal wires through 
an automatic conveying system, that directly takes them from 20 loading reels and 
then proceed with the straightening process. The wires are then stacked on a steel 
pallet, which allows them to be moved to the panel machine. Figure 5.4 shows the 
wire meshes manufacturing process. (EMMEDUE
®
).  
 
Figure 5.4 : Manufacturing process of steel wire mesh (a) steel wires, (b) weldeing 
wires together to form grid meshes, (c) installing wires on the panels 
(Url-10). 
The standard nets are square meshes composed of wires, placed at a distance of 7 cm. 
In any case, it is always possible to vary diameters and distances, even within the 
same net. The two nets are held together by a constant amount of metallic connectors 
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per m². The manufacturer should have its own laboratory in order to carry out quality 
control tests on the meshes. However, if it is not possible steel bars must be checked 
by the ISO regulations. Deformed steel reinforcement bars must have a minimum 
yield stress of 4200 Kg/cm
2
 and comply with Section 3.5.3.1 of ACI 318 and IBC 
Section 1903. Moreover, welded plain wire reinforcement must comply with Section 
3.5.3.5 of ACI 318 and IBC Section 1903. (ESR-2037)  
5.3.3 Concrete  
After the panel assembly, structural concrete should be sprayed on the panel. Even or 
not the panels have a load-bearing function, shotcrete is applied in a thickness of at 
least 25mm. The thickness and also the resistance of the concrete may vary 
depending on the function of the panels. For instance, a single load-bearing panel is 
completed by applying shotcrete with a thickness of 3.5 cm on each side, whose 
characteristic resistance is at least 250 Kg/cm
2
. However, these values can be 
increased when the structure is subjected to more intense loads. The shotcrete must 
comply with IBC section 1913 and have a minimum specified compressive strength 
of 172 Kg/cm
2
 (2,500 psi) (ESR-2037). However, it is usually common to use 
concrete with characteristic resistance of at least 250 kg/cm
2
. 
5.4 Components of 3D Panel Systems 
5.4.1 Walls 
Walls are the most principle members of these structural systems. They function both 
as load-bearing and insulating members. The primary form for 3D wall panels is a 
polystyrene core reinforced by steel meshes and covered with two layers of 
shotcreted concrete on both sides. Figure 5.5 illustrates the structure of these panels. 
These kinds of panels are referred to as a single panels. Several companies are now 
manufacturing single 3D panels in different thicknesses and features. Depending on 
the characteristics of them, single panels could be used as load-bearing walls or non-
load-bearing partitions. Figure 5.5 shows a plan of a single wall panel. 
In order to enhance load-bearing capacity of the panels, some other kind of wall 
sections are manufactured by some companies. Insulating “double panels” are one of 
these sections, which are excellent for reinforced concrete walls such as load-bearing 
walls and retention walls. 
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Figure 5.5 : Single 3D wall panel (EMMEDUE® Panel‟s card). 
The double panel consists of two basic panels, suitably shaped and joined one 
another by double horizontal connectors creating internally a space to be filled with 
concrete. This panel is finished with the application of the external shotcrete.  The 
thickness of the concrete casting inside the “double panel” as well as the 
characteristics of the concrete itself will be defined according to the structural needs. 
Figure 5.6 illustrates a double panel plan.  
 
Figure 5.6 : Double 3D wall panel (EMMEDUE® Panel‟s card). 
Figure 5.7 shows a 3D view of single and double wall panels. 
 
Figure 5.7 :  (a) Single 3D wall panel. (b) Double 3D wall panel(EMMEDUE® 
Panel‟s card). 
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5.4.2 Floors 
The panels for the realization of floors and roofing with reinforced concrete joists are 
usually used for sheltering in 3D panel systems.  By using the floor panel composed 
of a foam polystyrene shaped plate, it is possible to realize floors and roofing of 
buildings with the addition of supplementary steel inside suitable joists and 
subsequent cast on site of concrete. Figure 5.8 shows a section of floor panels. 
 
Figure 5.8 : Floor panel section(EMMEDUE® Panel‟s card). 
 
Floor panels can be produced in different shapes and thicknesses according to 
structural requirements and span length. A 3D view of floor panels is shown in 
Figure 5.9.  
 
Figure 5.9 : Floor panel (EMMEDUE® Panel‟s card). 
5.4.3 Stairs 
Stairs panels can also be produced using this technology. The concept is the same as 
wall and floor panels. The panels are made of a foam polystyrene block, shaped 
according to design requirements, coated with two layers of steel wire mesh 
assembled with electro-welded steel wires. Tubular spaces serving as beams with 
sufficient reinforcement are located parallel to the length of the stairs in order to 
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provide stair joists. These spaces are filled with concrete by casting on site after 
fixing the stair panels in place. This panel is externally finished with traditional 
plaster, tiles or other material. The structure of stair panels is shown in Figure 5.10.  
 
Figure 5.10 : Stair panel (EMMEDUE® Panel‟s card). 
5.5 Construction  
5.5.1 Installing the panels 
Type of the foundation should be selected in depending on the system type and its 
components. In order to provide an appropriate connection between walls and the 
foundation system, it is necessary to leave steel rebars out of the foundation during 
its construction. These rebars must be erected in the same direction as the wall 
panels, and usually with a length equal to 60Ф. Figure 5.11 shows the foundation 
details of a single wall panel. Note that rebars should also be designed, to satisfy the 
design base shear for each wall segment. 
Wall panels will lately be tied up to rebars. The panel must be placed in such a way 
that it is located between two lines of steels, which will be then tied up with the 
external nets of the panels and then hided in the shotcrete.  
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Figure 5.11 : Foundation details of a single wall panel (Avis). 
For the single wall panels, the rebars are put in place in two lines, in alternate 
positions, with a distance of 30/40 cm as it can be seen in Figure 5.12. 
 
Figure 5.12 : Rebars are leaved out from foundation for installation of the wal panels 
(EMMEDUE). 
If double panels are used for wall construction, rebars are stirrup-bent and placed 
with a variable spacing according to the structural calculation. In this case, rebars are 
inserted in the internal space of double panels, in which concrete will be poured later. 
A detail of the foundation of a double panel is shown in Figure 5.13. 
The following phase is to assemble and align the panels on the base of the building. 
In order to support the wall panels and adjust them to be precisely vertical, adjustable 
metal supports or even traditional building site materials such as square timbers or 
other materials can be used as shown in Figure 5.14. 
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Figure 5.13: Rebars are leaved out from foundation for installation of the wall 
panels (EMMEDUE). 
 
Figure 5.14 : Metal and wooden supports to keep the panels vertical (EMMEDUE). 
To ensure monolithic behavior, the panels are continuously tied up to each other and 
connected to the rebars. This operation can be carried out by using suitable special 
stainless equipment or with connecting air pistols or more simply with conventional 
equipments such as pances as shown in Figure 5.15. 
 
Figure 5.15: Connections between walls (EMMEDUE). 
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In order to ensure structural continuity, connection between the walls of two stories 
is provided via connecting the wall reinforcement to the rebars, which are leaved out 
from the walls of the previous level.  
Creating the openings of doors and windows can be easily carried out by cutting   
firstly the steel network and secondly the EPS. Cutouts for windows and doors are 
removed usually once the panels are erected. The steel grid facilitates locating and 
cutting square holes in the panels. However, most any other shapes may be cut out 
and shotcreted around. A handheld reciprocating metal cutting saw carries out 
cutting operations. Figure 5.16 illustrates the construction process of 3D panels 
system.  
 
 
Figure 5.16: (a) Assembling the walls, (b) stairs  (c) floors (d) shotcreting processes 
in construction of 3D panels (EMMEDUE). 
In order to provide adequate resistance, it is necessary to use additional 
reinforcement in some parts of structure. For instance, additional wire mesh is 
usually tied into the steel network above the openings in order to resist tensile loads; 
and wire mesh overlay is attached at 45 degrees to the grid at corners to resist the 
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stresses that develop there. Furthermore, corner reinforcement is being used to 
strengthen the corners, areas underneath the eaves, and all other connecting areas. 
Figure 5.17 shows some the structural members, which are designed for required 
additional reinforcement. Corner meshes applied on walls are shown in Figure 5.18. 
 
Figure 5.17 : Additional corner reinforcement (ESR-2037). 
 
Figure 5.18 : Additional corner reinforcement applied to the walls (ESR-2037). 
Fitting installation is rapid and easy in 3D panels systems. The phases of the putting-
in-place process for the tubes of the electrical and the hydro-sanitary systems are 
performed after the complete assembly of the panels and before completion with the 
shotcrete. The chases are realized directly in the polystyrene with a jet of hot air. 
Then, if the tubes are flexible, they are inserted behind the net and are made to go 
along the path of the chase. In the case of rigid tubes, the net is cut in proximity of 
the chase, the conduit of the fittings is placed and then the continuity of the steel is 
restored joining a plane net to the net that is already present in the panel. Figure 5.19 
illustrates the installation of the fittings in 3D sandwich panel systems 
(EMMEDUE®). 
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Figure 5.19 : Installation of the fitting in 3D panels (Url-10). 
5.5.2 Shotcrete 
After the panels are assembled and aligned, shotcreting process begins. The shotcrete 
concrete must be applied to the outside and inside of the 3D wall panels and to the 
underside of the floor-roof panels to the thickness shown on the plans. Shotcrete is 
applied to both interior and exterior surface of the wall, using either the “dry” or the 
“wet” process. The shotcrete cover over the wall panel welded wire reinforcement 
must not be less than 25.4 mm (1inch) in thickness, with a minus tolerance of 6.4 
mm (
1
/4 inch) (ESR-2037). Figure 5.20 shows the shotcreting process of the walls.  
 
Figure 5.20 : Shotcreting process (Url-11). 
There are two types of shotcrete: wet mix and dry mix. In wet mix shotcrete, the 
concrete mix is combined with water before it is pumped to the applying nozzle with 
high-pressure air. Wet mix methods are better suited for high volume continuous use 
situations where the water cement ratio must be consistent. Alternately, in dry mix 
shotcrete-also known as Gunite-, the cement and aggregate is mixed before being 
pumped to the nozzle where a separate water feed is added. Both methods are used 
and each has its benefits and disadvantages. Gunite is better for intermediate use and 
small scale projects because the hydration of the concrete mix does not  initiate until 
the nozzle and the water may be adjusted as needed. If done correctly, Gunite, 
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provides higher final and bond strengths and will not produce cold joints from 
intermediate application. Accordingly, gunite is the method of choice for 3D panels 
structural systems, where geometry of the concrete and reinforcement do not require 
exceptional strength. The materials used in gunite are the same as those used in 
regular concrete though aggregate sizing is limited by the passages and hoses the mix 
must travel through so smaller sizes only are used. Generally, no special additives are 
used in the concrete for residential 3D panels and aggregates are coarse sand with no 
gravel. When being sprayed onto a surface at high pressure, a portion of the mixture 
bounces off and is called rebound. Shotcrete may be applied to both vertical and 
horizontal surfaces but the rebound varies accordingly. Table 5.1 shows the rebound 
expected for these different situations. When proportioning a mix it must be 
considered that because of the differences in density, the aggregate bounces off more 
readily leading to higher cement content in the remaining concrete. 
Table 5.1 : Rebound for shotcrete on various surface (ASCE standard for shotcrete).  
Work Surface Percent rebound by mass for dry mix 
Floors and slabs 5-15 
Sloping and vertical walls  5-25 
Overhead work  25-50 
In small scale residential construction, shotcreting is performed by a dedicated crew 
using relatively little specialized equipment. If mixed on site, portable batching 
equipment and a pre-moisturizer are used but mixtures delivered from off site are 
directly fed into what is called a gun. Gunite is applied to a surface in layers. Often a 
thin initial surface is first sprayed and then kept moist to prevent contaminating the 
bare surface. Subsequent layers are then added with significant thickness. Each layer 
must reach final set before another layer may be applied on top of it. Screeding and 
trowelling can also be used to finish the surface. For flat surfaces the gunite nozzle is 
held normal to and about 90 cm (3 feet) from the work surface. Surface area is 
covered by sweeping the nozzle in an elliptical pattern approximately 45 cm (18 
inches) wide and 15 cm (6 inches) high, advancing 7 to 15 cm (3 to 6 inches) every 
rotation as shown in Figure 5.21(a). For corners the nozzle is held at an angle 
bisecting the corner to avoid trapping rebound as shown in Figure 5.21(b) (Sarcia, 
2004). In Figure 5.22, some images of construction practice of the buildings 
constructed by 3D panels are shown.  
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Figure 5.21 : (a) Shotcreting of flat surfaces. (b) Correct and incorrect methods for 
shotcreting corners (Sarcia, 2004). 
 
Figure 5.22 : 3D panel construction, (a), (b) wall construction, (c), (D) floor 
construction, (e) roof panels, (f) shotcreted walls (EMMEDUE®). 
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5.6 Structural Calculations 
5.6.1 Design criteria 
In this section, the criteria for designing the 3D wall panels are going to be 
explained. Tests carried out in 1985 at Graz Technical Institute in Austria and in 
1990 at a manufacturing facility in Brunswick Georgia, verified that the panels may 
be considered according American Concrete Institute's Building Code Requirements 
for Reinforced Concrete (ACI 318).  
5.6.1.1 Design for bending moment 
The following equations and analyses refer to panel dimensions as referenced in 
Figure 5.23. 
 
Figure 5.23 : Dimensions used for structural analysis of 3D panels. 
The part (a) of the figure shows the geometry of a panel cross section and part (b) 
shows the load distribution when the panel withstands a moment. The moment 
resistance is found as expressed in Equation (5.2). 
)
2
(9.0
a
dfAMM ysnu    (5.2) 
where 
As: cross sectional area of the steel reinforcing wires that runs on the tension side 
along the bending axis 
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 fy: :corresponding steel yield strength.  
a:  representative area of compression which is obtained using Equation (5.3). 
c
c
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
85.0
 (5.3) 
The presented equations are in simplified form and are based upon ACI 318 methods 
detailed in publications on reinforced concrete. 
5.6.1.2 Design for shear 
Resistance to shear stresses in the panel from a bending situation is expressed in 
Equation (5.4), and is less than analytical methods suggest but based upon test 
results. 
)5.0(85.0 cflexturenflextureu fbdVV          (5.4) 
5.6.1.3 Design for combined bending and compression 
When a reinforced concrete member is stressed both axially and flexurally, the 
stresses do not superpose additively. For bending, a panel is assumed to act 
differentially across its cross section to resist a moment while in compression the 
member is assumed to act uniformly across its cross section. In reinforced concrete 
structures, the joint between reinforcing steel and concrete is assumed to be rigid. As 
a result, the strain compatibility must be considered in order to calculate stresses 
when both compression and bending exist. The result often is that the flexural 
strength increases to a point as axial load increases. A simplified “interaction curve” 
showing these effects for a standard 3D panel configuration is shown in Figure 5.24. 
When designing reinforced concrete members, it is best for them to reach balanced 
failure, which would occur along the load path between the origin and point C. 
For compression and bending on a member, which is significantly longer in axial 
direction, slenderness effects must be considered. The effects take into consideration 
the possibility of applying the compressive load at some distance away from the 
neutral axis known as the eccentricity (e). This eccentricity will induce additional 
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moments (i.e. second order effects) in the member and is affected by construction 
methods as well as other factors. 
 
Figure 5.24 : Simplified interaction curve for standard 3D panel (Sarcia, 2004). 
Provisions for this occurrence exist in the ACI code, which uses a moment 
magnification procedure to account for it. The ACI code also presents the 
methodology for determining deformation under combined bending and 
compression. 
5.6.1.4 Design for in-plane shear 
3D panels also resist shear forces normal to the surface resulting from lateral loads. 
In this case, both the steel and concrete shear strengths contribute to the resistance as 
presented in Equation (5.5). 
)(85.0 ucinplaneninplaneu VVVV          (5.5) 
where  
Vc is the contribution of the concrete and Vs is the contribution of the reinforcement.  
It is notable that these equations are for just the panel and concrete; additional 
reinforcement would increase the strength of the panels (Sarcia, 2004). 
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According to ICC-ES Evaluation Report which is arranged for EMMEDUE
®
 
systems, the allowable wall and floor panel loads are given in tables. These 
calculated values can give designers a good sense of the structural behavior and helps 
them to choose the sections (ESR-2037).  
5.6.2 Analysis and design of the model building using 3D panels 
5.6.2.1 Load definition 
In order to structurally analyze and design of the model building by 3D panels, load 
definitions are carried out. Table 5.2  shows the dead loads of the floor and roof.  
Table 5.2 : Dead Load Values of Floors and Roof for the Example 3D panel 
building. 
Member Materials Loads (Kg/m
2
) 
Floors 
Ceramic floor covering (2.5 cm) 
Cement mortar(2.5 cm) 
Glass wool (5 cm) 
floor concrete(5 cm) 
EPS  
Gypsum mortar (1. 5 cm) 
Gypsum plaster(1 cm) 
52.5
 
52.5 
0.6 
120
 
3.7
 
24  
13 
 Total 267 
Roof 
Asphalt (2.5 cm) 
Bitumen insulation 
Glass wool (5 cm) 
Cement mortar(2.5 cm)
 
Lightweight concrete (15 cm) 
EPS 
Gypsum mortar 
Gypsum plaster 
55 
15 
0.6 
52.5 
120 
3.7 
24 
13 
 Total 283(Kg/m
2
) 
Table 5.3 shows the dead loads of interior and exterior walls. It is important to 
mention that the loads of some members which are defined as structural members in 
ETABS software are not calculated as dead loads. 
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Table 5.3 : Dead Load Values of Interior and Exterior Walls for the Example 3D 
panel Building. 
Member Materials Loads(Kg/m) 
Interior Walls 
 
2 layers Gypsum Plaster (1.0 cm) 
EPS 
2 layers Cement Mortar (2.0 cm) 
71.5 
3.3 
132 
 Total 203.5 
Exterior Walls 
 
Gypsum Plaster (1.0 cm) 
EPS 
2 layers Cement Mortar (2.0 cm) 
Granite  (2.0 cm) 
 
35.75 
3.3 
173.25 
 154 
 Total 363 
In seismic design of the building, “Specification for Buildings to Be Built in Seismic 
Zones, 2007” (DBYBHY 2007) is considered. The seismic parameters of the 
building are mentioned in Table 5.4.  
Table 5.4 : Seismic coefficients of the modal building in 3D panel design. 
Basic information Values Standards 
Seismic region: 1 A0=0.4 
 
DBYBHY 
2007 
Local soil type: Z2 S(T)=2.5 
Importance factor: group 4 I=1 
Frame type: Light-framed walls 
sheathed with structural panels 
R=4 
 Cs=0.25  
Live loads amounts are taken 200 kg/m
2
 for floors, 150 kg/m
2
 for roofs, 350 kg/m
2
 
for stairs. There is no live load specified for pitched roofs. Moreover, the load 
combinations used in this design are mentioned in Table 5.5. Load combinations are 
taken from ACI 318M-08. 
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Table 5.5 : Load combinations of the example building in 3D panel design. 
Load Combinations(LRFD) Standards 
1.4D 
1.2D + 1.6L 
1.2 D + L ±E 
1.2D ± E 
0.9D ± E 
0.9D + 1.0E + 1.6 H 
Ex ± Ey 
 
 
 
ACI-318M-08 
 
5.6.2.2 Material properties 
The material characteristics used in the project are as below: 
Steel yield stress: 4200 kg/cm
2 
Characteristic resistance of concrete: 250 kg/cm
2
. And the modulus of elasticity for 
concrete is obtained as: 
25 /1039.215100 cmkgfE cc    
5.6.2.3 Structural analysis and design of the example building 
The structural analysis and design of the example building implementing 3D wall 
panels are carried out using ETABS 9.0. The walls were defined in the form of 7cm 
thick shear walls as shell elements in the software. Slabs are defined similarly as 
their precise shape and dimensions. Reinforcements of the walls were defined using 
the standard rebar sizes and spaces between them. Figure 5.25 shows the modeling of 
the structure in ETABS . 
Figure 5.25 : Modeling of the 3D panel system in ETABS. 
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After structural analysis, the numerical results of building analysis such as building 
weight, story shears, story drifts, rigidity, and mass centers are extracted from the 
software in order to use in evaluation process. The following stage is to check the 
sufficiency of the walls against applied loads. ETABS offers three different design 
methods for shear walls, namely simplified compression and tension sections, 
uniform reinforcing pier section, and general reinforcing pier section, all of which 
have their proper case to use. As 3D panels are uniformly reinforced, “uniform 
reinforcing pie section” method is quite appropriate for the case considered herein. In 
this method, the reinforcement of the shear walls are defined manually by the user, 
and ETABS checks the sufficiency of the walls, and gives D/C ratio, which 
represents the ratio of design load to capacity of the walls. Table 5.6 shows the D/C 
ratios for each of the walls obtained from uniform reinforcing method in ETABS. In 
addition, Figures 5.26 and 5.27 show the pier labels as they are used in ETABS. 
Table 5.6 : D/C ratios for walls of the 3D panel system obtained from ETABS  
wall 
Label 
D/C Ratio Check 
 
Story1 
top 
Story1 
bottom 
Story2 
top 
Story2 
bottom 
Story 1 Story 2 
P1 0.0428 0.0751 0.0202 0.0411 √ √ 
P2 0.0343 0.0432 0.0211 0.0160 √ √ 
P3 0.0014 0.0289 _ _ √ √ 
P4 0.0330 0.0471 0.0269 0.0280 √ √ 
P5 0.0316 0.0389 0.0199 0.0166 √ √ 
P6 0.0171 0.0478 _ _ √ √ 
P7 0.0610 0.0556 _ _ √ √ 
P8 0.0328 0.0269 0.0328 0.0269 √ √ 
P9 0.0485 0.0655 0.0396 0.0318 √ √ 
P10 0.0312 0.0585 0.0030 0.0339 √ √ 
P11 0.0204 0.0314 _ _ √ √ 
P12 0.0351 0.0513 0.0118 0.0238 √ √ 
P13 0.0327 0.0501 0.0194 0.0325 √ √ 
P14 0.0363 0.0475 0.0324 0.0386 √ √ 
P15 0.0240 0.0360 0.0203 0.0366 √ √ 
P16 0.0024 0.0327 _ _ √ √ 
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Figure 5.26 : pier labels as used in ETABS software, first floor plan. 
Figure 5.27 : Pier labels as used in ETABS software, second floor plan. 
5.7 Environmental performance calculations 
5.7.1 Embodied energy 
Embodied energy was formerly defined in pervious sections. In this section, the 
entire embodied energy of 3D panel building is calculated. The embodied energy 
values of the raw materials for each of the construction types are relatively well 
established, and sources for these values are cited. In this study, the amounts of 
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embodied energy are taken from the results of a survey published by the “Sustainable 
Energy Research Team (SERT)” of the University of Bath. This information is based 
on a „Cradle-to-Gate‟ analysis of publicly available information. All of the materials, 
which are used in the structures, are counted in this evaluation. However, some of the 
materials such as paint or foundation materials are considered the same in all 
systems. Tables 5.7 shows the calculations related to embodied energies.  
Table 5.7 :  Calculations for embodied energy of 3D panel building. 
System components 
Embodied 
energy 
(MJ/Kg) 
Weight 
(kg) 
Energy 
(MJ) 
Percent 
of total 
(%) 
Total 
embodied 
energy (MJ) 
Concrete 1.11 84259 93527.5 16.0  
 Ceramic 29 7136 206844 35.5 
Cement mortar 1.33 29915 39787 6.8 
Glasswool 28 81.6 2284.8 0.4 
EPS 88.6 917.1 81255 13.9 
Gypsum plaster 1.8 10849 19528 3.4 582836 
Asphalt 2.6 4873 12670 2.2  
Bitumen 51 1329 67779 11.6  
Lightweight 
concrete 
1.11 10632 11801.5 2.0  
Stone 0.45 12036.6 5416.5 0.9  
Steel reinforcement 20.10 2086.73 41942.7 7.2  
5.7.2 Insulation 
In order to evaluate the insulation properties of the structures, sections of exterior 
walls for 3D structural systems are taken, and the U-value for wall detail is 
calculated. As mentioned previously, U-value represents the thermal transmittance of 
the material. Therefore the lesser the U-value, the better thermal insulator the 
material is. 
Figure 5.28 shows the exterior wall detail and thermal conductivity values for each 
layer in 3D panel structure. In addition, Table 5.8 shows the calculations of the U-
value for 3D panel wall system.  
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Figure 5.28 : Exterior wall detail for 3D panels. (Thermal conductivity of each 
layers are shown). 
Table 5.8 : Calculations for U-values of an exterior wall- 3D panel. 
wall 
component 
Thickness 
Thermal 
conductivity 
Thermal 
resistance 
Total Thermal 
resistance 
 d (m) λ (W/mK) R=d/λ (m2K/W) (∑R) (m2K/W) 
Internal surface - - 0.12  
gypsum plaster 0.01 0.43 0.023  
 Cement mortar 0.01 0.8 0.013 
Reinforced 
concrete 
0.04 2.3 0.017 
EPS 0.08 0.03 2.67 3.12 
Reinforced 
concrete 
0.04 2.3 0.017 
Cement mortar 0.01 0.8 0.013 
Air gap - - 0.18 
Granite 0.022 2.12 0.01 
External surface - - 0.06  
KmW
R
Uvalue 2/32.0
12.3
11

  
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5.7.3 Thermal mass 
As it was mentioned in pervious sections, thermal mass of a building system is also 
an important factor in evaluating the thermal performance of the building. In this 
regard, the TTC value (Thermal Time Constant) for the exterior wall section of each 
building is calculated in this section. The sections of exterior walls for 3D panel 
systems is shown in Figure 5.28. TTC of this wall section are calculated in Table 5.9. 
The values obtained from this table are the TTC per square meters. The bigger TTC 
value means the more thermal mass effect in the building. 
Table 5.9 : Calculations for TTC per area- 3D wall panel. 
Wall 
component 
Thickness Density 
Specific 
heat 
Thermal 
resistance 
TTC 
 d (m) p (Kg/m
3
) Cp(J/KgK) R (m
2
K/W)  
Internal surface - -  0.12  
Gypsum plaster 0.01 1300 840 0.023 1436 
2386 
13818 
Cement mortar 0.01 1900 840 0.013 
Concrete 0.04 2500 840 0.017 
EPS 0.08 15 1400 2.67 2533 
Concrete 0.04 2500 740 0.017 239526 
Cement mortar 0.01 1900 840 0.013 45794 
Granite 0.022 2800 790 0.01 140055 
445504totalTTC
 
5.8 General Review 
The 3D wall panels have a good strength against vertical and horizontal loads. As it 
is evident from design results the D/C ratio in all walls are so little, which shows the 
strength of the wall panels. All of the walls in this system are load-bearing. The 
structure also shows a good structural behavior against lateral loads. Additional 
information about structural behavior of this system are given in Chapter 6. 
120 
121 
6.  COMPARISON 
It is aimed to evaluate the building in terms of structural behavior and environmental 
performance, considering the aspects that are related to materials and construction 
practice of the structure. It is noteworthy to say that, there are also several other 
aspects affecting the performance of the buildings. Since this issue encompasses a 
very comprehensive area of subjects, some of the most important aspects are going to 
be investigated in this section.  However in order to ensure functional equivalence in 
the evaluation, the other aspects are assumed constant in all cases. The main 
evaluation aspects are organized as three categories namely energy efficiency, 
durability and economy. In this chapter, the aspects related to each categories is 
discussed and a comparison among three considered structural system has been 
carried out.  These discussions and comparisons are going to be evaluated using a 
rating system during chapter 7.  
The comparison process of the three systems is going to be carried out in two phases. 
The first stage is to compare the structures based on previous researches and the 
second phase is based on the results obtained from this thesis.  
6.1     Comparison Based on Previous Studies 
6.1.1 Embodied energy 
The embodied energy of the sample building for each structural systems has been 
calculated in related sections. As mentioned in previous sections, in this study, the 
amounts of embodied energy are taken from the results of a survey published by the 
“Sustainable Energy Research Team (SERT)” of the University of Bath. This 
information is based on a „Cradle-to-Gate‟ analysis of publicly available information. 
In this section, the comparison among the embodied energy of three considered 
buildings is carried out. 
Figure 6.1 shows graphical comparison of embodies energies of the buildings. It can 
be drawn from table 6.1 that, light gauge steel frame has the greatest embodied 
energy compared to the two other systems while, wood light frame has the lowest 
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value of embodied energy. In the beginning of the project while choosing the 
materials for each structure, it was preferred to choose different materials for 
different systems. The types of materials, which are common in construction of each 
system, were chosen to be used in designing of the buildings. In this regard, the 
overall embodied energy of the building is affected by this diversity in materials. For 
example, vinyl covering is used for floor and exterior wall in light gauge steel framed 
building. This material has a big amount of embodied energy, which caused steel 
building to be very energy extensive. From a perspective, this information is useful.
 
Figure 6.1 : Comparison among embodied energies of three building. 
Although some materials are considered as a great choice, in terms of economy or 
aesthetic, (without considering their environmental impacts), and they may turn to 
have a great embodied energy. However, from another point of view these results 
cannot be a good source for the evaluations presented here, since the results are quite 
project specific. In this respect, it is also going to be evaluated the embodied energy 
of the structural materials of these three systems. Since insulation is involved in the 
structural system of 3D panels, a more fair calculation is that includes structural 
materials plus insulating material. Figure 6.2 shows the comparison among the three 
systems in terms of embodied energy of structural materials and insulation. 
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Figure 6.2 show that results change when considering only structural materials of the 
buildings in evaluations. The highest embodied energy belongs to 3D panels and the 
lowest value of embodied energy is obtained in wood light frame structure. 
 
Figure 6.2 :  Comparison among embodied energy of structural materials and 
insulation of three alternative systems.   
6.1.2 Life cycle assessment 
Life cycle assessment (LCA) is one of the most important factors to evaluate the 
environmental performance. Since the process of LCA analysis is very complicated. 
It was not possible to develop a LCA for the alternative buildings in this thesis. 
Likewise, due to the importance of the issue, the results of LCA, for other three 
similar buildings taken from a research by W. B. Trusty and J. K. Meil, is given in 
this section. In this research, the life cycle assessment of an example building 
designed by three different structural systems namely: light wood frame, light gauge 
steel frame and ICF
5
 panels has been carried out using ATHENA® tools conducted 
in Canada.  
Figure 6.3 shows the results of life cycle assessment for their research. In this figure, 
the results for the steel and concrete designs have been normalized using the wood 
                                                 
 
5
 ICF is based on hollow lightweight block components that lock together without intermediate 
bedding materials. The block is formed of sheets of insulation materials normally expanded 
polystyrene. Fresh concrete is poured into the forms built up to 3 meter high as a complete wall. 
Sysyem Type 
Wood Light Frame 115983 
Light Gauge Steel Frame 148779.4 
3D Panels 219010.3 
0 
50000 
100000 
150000 
200000 
250000 
E
m
b
o
d
ie
d
 E
n
er
g
y
 (
M
j)
 
 
Structural system type 
(100%) 
(68%) 
(53%) 
124 
design results as a base case. This evaluation mentioned here is just to give an idea of 
the environmental impacts of three structural materials. 
 
Figure 6.3 : LCA results for three residential buildings made from, lightweight wood 
frame, light gauge steel frame, and insulated concrete forms (Trusty and 
Meil). 
The systems which are evaluated in this research are quite similar to the systems 
developed here except for the ICF system, which is a bit different from 3D panels. 
However, these two systems are very similar in material and construction. The 
results of LCA for these three systems show that the wooden structure has much less 
environmental impact, compared with other systems. The higher values of 
environmental impacts are obtained for concrete system, and the water toxicity 
generated from manufacturing steel material is too high.     
6.2 Comparison Based on This Thesis 
6.2.1  Structural behavior 
After performing structural analysis of the building via ETABS software, building 
outputs should be checked in order to evaluate the behavior of the structure under 
vertical and horizontal loads. Building weight, mass and rigidity centers, modal 
shapes and vibration periods, story displacements and drifts and member forces are 
the most important outputs available in ETABS. These outputs are mentioned in the 
following sections. 
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6.2.1.1 Building weight 
Reducing the amount of materials needed to build or remodel a house is good green 
practice. (GUERTIN, 2011) As known, all three of the systems are lightweight, in 
which the materials are reduced in order to better structural and environmental 
behavior. By reducing the materials, environmental impacts of the systems are 
reduced either. Moreover, the system to behave better against lateral loads, thanks to 
its lightness. Another issue is that, lightweight structure requires lighter foundation, 
so that much less materials are required for the foundation in these structures. 
In order to obtain building weight, structural members, their material and total 
weight are extracted from ETABS for each of the structural systems. The settings for 
calculating the weight of building in ETABS are adjusted, so that ETABS also 
considers the amount of dead loads in its calculations of mass of the building. In this 
regard, the information drawn from ETABS can be reliable enough to put in 
evaluations. Table 6.1 shows the weight of entire building for each system. Total 
weight is the sum of structural and non-structural members. It can be drawn from the 
results that total weight of building is highest in wood frame, while light gauge steel 
frame weighs less than other systems considered in this thesis. Note that these values 
are quite project specific and might vary for other buildings when designed and 
constructed with the similar systems.  
Table 6.1. Total weight of each alternative structural system. 
Structural system  Total weight (Ton) 
Wood light frame 122.72 
Light gauge steel 66.48 
3D sandwich panels 77.46 
6.2.1.2 Story shears 
The information for story shears is extracted from ETABS. Figure 6.4 illustrates the 
values for story shears in diagrams. According to this diagram, story shears for 3D 
panel system are greater than the other two systems mainly due to its higher lateral 
stiffness, the lowest story shears belong to light gauge steel system. 
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Figure 6.4. Story shears for each alternative structural system: (1) Wood light frame; 
(2) light gauge steel frame; (3) 3D panels.  
6.2.1.3 Story drifts 
The data for Story Drifts are extracted from ETABS and adjusted in figures. Figure 
6.5 illustrates the story drift values of the systems in x direction caused by 
Earthquake load in this direction. Similarly, Figure 6.6 illustrates the drift values of 
the systems in y direction caused by Earthquake loading in y direction.  
It is evident from Figure 6.5 and Figure 6.6 that, for all three structures, the drift 
values are greater in x direction when compared to y direction. It is also evident that, 
highest drift values belong to light gauge steel system in x direction. In y direction, 
light gauge steel frame has the highest drift value in the second story while for the 
first story the wooden frame has the largest drift. The structure made of 3D panels 
shows better behavior in terms of story drifts in both directions. The better 
performance of 3D panel systems is  mainly because of their  large lateral stiffness.  
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Figure 6.5 : Story drifts for alternative structural systems in x direction caused by 
earthquake loading in x direction. 
 
Figure 6.6 : Story drifts for alternative structural systems in y direction caused by 
earthquake loading in y direction. 
6.2.1.4 Modal information 
In order to investigate structural behavior of each system, it is important to take a 
look at mode shapes of the structures. Table 6.2 shows the first three modes of each 
structure, and building period corresponding to each mode. In addition, the shape of 
modes are mentioned in this table. The modal information of the structure shows that 
the building period value for 3D panel system is shorter than the other two systems 
once again mainly because of its larger lateral stiffness in both orthogonal directions. 
Furthermore, in light gauge steel frame and wood light frame torsional behavior are 
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observed due to the obvious distance between mass and rigidity centers. In this 
respect, it is clear that 3D panels show much better behavior when subjected to 
seismic loads. 
Table 6.2. Modal information for each alternative structural system. 
Structural system  Mode number Building period (s) Mode shape 
 Mode 1 0.183 X direction 
Wood light frame Mode 2 0.17 Y direction 
 Mode 3 0.15 Torsional 
 Mode 1 0.136 X direction 
Light gauge steel  Mode 2 0.114 Torsional 
 Mode 3 0.102 Y direction 
 Mode 1 0.076 X direction 
3D sandwich panels Mode 2 0.0553 X direction 
 Mode 3 0.0549 Y direction 
    
6.2.2 Energy efficiency 
While evaluation the buildings in terms of energy efficiency, insulation and thermal 
mass are going to be discussed in this section. 
6.2.2.1 Insulation 
It is important to mention that wood light frame structure and light gauge steel 
structural systems are frame systems which need to have additional insulation in 
order to have an acceptable environmental behavior . It is the choice of the builder 
which material in which thickness to choose for insulation of these kinds of 
buildings. However, it should be noted that the values obtained here are not constant 
for all of the buildings constructed with these systems. These values might vary 
depending on the material selection. In contrary, 3D panel is a complete wall system 
with no need to any additional materials in order to provide pleasant indoor air 
quality. The U-value for this system does not have big changes depending on wall 
materials. The materials chosen for construction of exterior walls in framed buildings 
provide acceptable insulating values. The calculation results shows that, by providing 
sufficient insulation in framed building, they can show even better behavior 
compared to 3D panels. The U-value for wood light frame structure and light gauge 
steel frame structure are the same and equal to 0.28 while this value is 0.32 for 3D 
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panel systems. Table 6.3 show U-values for the three alternative structural systems 
considered in this thesis. 
Table 6.3 :  U-values for three alternative structural systems. 
System type 
Thermal Transmittance 
Coefficient-U 
(W/m
2
 K) 
Wood light frame external wall 0.28 
Light gauge steel external wall 0.28 
3D panels structural wall 0.32 
Another issue that should be considered in this section is the concept of thermal 
bridging. Standard u-value calculations assume that the materials in the building 
element are homogenous, in other words, the thermal resistance is constant in the 
plane of the material. In practice, that is not always the case.  
For example, in a timber frame external wall construction standards have improved 
and this has to be allowed for in estimating the heat loss from buildings (Bradely).In 
this regard, although the framed buildings show a lower U-value in quantity, but the 
thermal bridging happens in these buildings, which should be considered as a 
disadvantage    
6.2.3 Thermal mass 
Table 6.4 compares the TTC values in the alternative systems considered in this 
thesis. It is evident from these results that 3D panel system has the highest thermal 
mass value, which results in better performance in summer and winter.  
Table 6.4 :  TTC per area values for structural systems. 
System  TTC 
Wood light frame external wall 216963 
Light gauge steel external wall 273328 
3D panels structural wall 445504 
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6.2.4 Cost 
In the time of economic difficulties, which is the problem of most countries, saving 
money is one of the important challenges in all aspects of human life. In this respect, 
it is also important to discuss the construction cost of each structural system. It is 
noteworthy to say that, construction cost is a local aspect. It means that the cost of 
each structural system differs depended on the country in which it is constructed. The 
construction cost of each structural system in Turkey is mentioned in Table 6..5.  All 
of these values are given for a two story single house. These information are taken 
from ,the construction companies of each considered structural system in this country 
(Akkon® company for light gauge steel frames, Asmaz® company for wood light 
frame structure, and Yapiteknolojileri® company for 3D panel systems).  
It is necessary to note that this information is completely simplified and are used 
only to make a comparison. It is not appropriate to use them for other purposes. The 
cost information is calculated considering structural system material and construction 
and other cost are not involved in these values 
Table 6.5 :  Construction cost per m
2
 for a two story single house.  
System  Cost per m
2 
(USD) 
Wood light frame external wall 220-250 
Light gauge steel external wall 220-300 
3D panels structural wall 150-190 
As it is evident from table 6.5, 3D panels has the least construction cost, among three 
considered structural systems. On the other hand, the cost for construction of light 
gauge steel framing is higher than other two types of structures.  
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7.  ASSESSMENT 
In order to have a better evaluation of the performance of the structures in terms of 
sustainability, all of the issues, which are assessed in chapter 6 are categorized into 
three main topics, Cost, durability, and energy efficiency. Each of the alternative 
systems are rated by a number from 1 to 5, which shows the efficiency of each 
structure in each issue. For example, when considering economy, the lowest 
construction cost is rated by “5” and the other two structures are rated in inverse 
proportion to this value. In the case of other categories, if the higher value represents 
a better performance, the highest value is rated by “5” and other values are rated in 
direct proportion with the highest value. Briefly, in all categories of evaluation, “5” 
represents the best performance and the lower values show the inefficiency of the 
systems in comparison with other systems.   
The categories mentioned in table 7.1 can have several other sub-categories. 
Economy aspects of buildings are evaluated considering construction costs of each 
structural system in Turkey.  There are also other aspects such as local conditions, 
transportation costs, etc that affect the economy of the building.  However, these 
aspects are assumed to be constant in this thesis.  Durability is the other category of 
evaluation  in table 7.1.  Structural behavior as one of the most important factors of 
durability is mentioned as a subcategory. Other aspects such as material durability or 
fire resistance intensely affect the durability of a building. However since this issue 
encompasses a wide range of aspects, just structural aspects are considered in this 
thesis. The last category, which is evaluated in table 6.14 is energy efficiency. 
thermal insulation, thermal mass, and embodied energy are mentioned as 
subcategories in this part.   
Some of the aspects evaluated in chapter 6, such as story shears or story drifts 
include multiple values of evaluation. (i.e. for two stories, or in two directions). In 
such cases, the average value is calculated and put in the table.  
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Table 7.1 :  Ranking of the structures in terms of economy, durability, and energy 
efficiency. 
Wall component 
Wood light 
frame 
structure 
Light 
gauge steel 
structure 
3D panels 
Economy    
 3.5 3.3 5 
Total average 3.5 3.3 5 
Durability    
 Structural  behavior    
 Less Building weight 2.7 5 4.3 
 Less Story shears 3.25 5 2.35 
 Less Story drifts 4.1 2.5 5 
 Low building period 2.1 2.8 5 
Total average 3 3.8 4.1 
Energy efficiency    
 Less embodied energy 5 3.9 2.6 
 Better insulation 5 5 4.4 
 Better thermal mass 2.4 3.1 5 
Total 4.1 4 4 
As it can be seen in this figure, 3D panels acts better in terms of Economy and 
durability, and has an average value of energy efficiency. Light gauge steel structure 
has the least efficiency value in terms of economy. However, it has an average value 
of energy efficiency and structural behavior. Wood light frame structure has the least 
value of durability, but it behaves better in the case of energy efficiency, and has an 
average value in terms of economy. It is also evident from above table that the 
overall behavior of each structural system considered in this thesis, are acceptable. 
There is not a best choice among these systems. Each of them has their own 
efficiencies and inefficiencies and the choices may vary according to demands of the 
customers.    
The result obtained from Table 6.14 are summarized in Figure 7.1. 
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Figure 7.1 : Evaluation of three alternative structural system in terms of 
sustainability. (1) wood light frame structure, (2) light gauge steel 
structure, (3) 3D panel systems. 
It should emphasized that the purpose of the case study described here was not to 
refine a design and find the best solutions from an environmental perspective. This 
case study was intended to assess the environmental implications of what is typically 
being done in the building community.  
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8.  CONCLUSIONS 
8.1 Practical Application of This Study 
The main purpose of this thesis is to evaluate of three different structural systems, in 
terms of structural and environmental performances. These structures are wood light 
frame structure, light gauge steel structure, and 3D wall panels. Note that all 
buildings having different structural systems use the same architectural layout and 
elevation. To achieve this, the three structures are designed for single example 
building and the results are extracted and evaluated accordingly. Considering aspects 
such as construction practice, energy efficiency and durability and structural 
behavior, the following conclusions can be drawn from this thesis:  
1. Structural analysis and design are carried out for all of the alternative buildings. 
Results show that although the story shears for 3D panel  system are more than the 
other two structures, this system has better structural behavior against lateral loads. 
While the other two structure show torsional behavior in one of the first three modes, 
this structure does not show torsional behavior in these modes. Also, modal 
information of the structures shows that the 3D panel building is more rigid 
compared to the other two structural systems. Furthermore, lowest values of story 
drifts belong to the 3D panel system. 
2. Calculations related to the weight of the structures show that light gauge steel 
frame is the lightest among these three structures. Furthermore, story drift values for 
light gauge steel frame are higher than the other structural systems. Torsional 
behavior is noticed in the second mode for this structure.      
3. Weight of the structures are obtained and show that wood light frame structure is 
heavier than the other two structural systems. Torsional behavior is noticed again in 
the third mode of this structure.  
4. Embodied energies for the building materials are determined in two stages. In first 
stage, the embodied energy of the full building material is calculated, revealing that 
light gauge steel frame has the higher value of embodied energy. This high value is 
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because of the usage of vinyl materials for flooring and exterior wall finishings. In 
order to have a better idea about the performance of structural materials, the second 
stage of calculations is done considering only the structural material plus insulation. 
The results of this calculation give the higher embodied energy for 3D wall panels 
and the lowest embodied energy for wood light frame structure. 
5. In calculations for thermal performance of wall materials, the U-values and TCC 
for exterior wall section of each system are evaluated. The results show the lower U-
values for the walls made of light steel frame and light wood frame. However, it is 
important to note that thermal bridging usually occurs in these kinds of framed 
structures. Despite the fact that the U-value for the wall composed of 3D panels is 
higher, thermal bridging does not occur in this structure which is a great advantage of 
this system. In terms of thermal mass, the 3D wall panels have greater values of 
TTC, which result in better behavior in summer and winter.  
6. As a global evaluation, a table including all of the above-mentioned aspects is 
adjusted and a ranking system is adopted in order to quantify the evaluation results. 
The aspects are organized into three categories as economy, energy efficiency and 
durability. Results of evaluation show that wood light frame structure is ranked as 
the best in terms of energy efficiency, and the 3D structural panels system is the 
better system in terms of durability and economy.  
7. A best choice or recommendation does not exist. Actually, this research is only an 
evaluation of the performance of some prevalent homebuilding systems. Beyond all 
of the evaluations and discussions, it is up to designer and constructor to make a 
choice and chose the system, which is more compatible to their needs.  
8. The impact of local sources on the structural material selection can be significant 
in most cases.    
8.2 Potential Works 
It is attempted to ensure a level playing field and functional equivalence as described 
earlier, but for a study with the objective of assessing actual practice it would be 
better to run operating energy simulations assess the full building life cycle.  
Furthermore, a software system to evaluate the building energy performance, could 
be developed in future works. Although some software for evaluation building 
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energy performance exist currently, but these software, mostly consider the 
architectural design aspects and mechanical device performances, rather than 
material selection and construction practice. In this regard, developing a more 
efficient and practical evaluation system, which can put all the aspects of green 
construction together in a software, could be the subject of future research.   
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APPENDICES 
APPENDIX A : The tables used in design of wood structures. 
 
APPENDIX B:   Calculations for light wood structure. 
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APPENDIX A :  
 
 
 
 
Figure A.1:   Reference design values for visually graded dimension lumber, White 
oak species (NDS supplement). 
 
 
Figure A.2:  Size factor values used in design of wood structures in this thesis. (NDS 
supplement) 
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Figure A.3:   Flat use factor values used in design of wood structures in this 
thesis. (NDS  supplement) 
 
 
Figure A.4:    Wet service factor values used in design of wood structures in this 
thesis. (NDS supplement) 
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APPENDIX B:    
 
 
 
Figure B.1 : Calculations for column compression capacity,  L=3 m 
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Figure B.2 : Calculations for column compression capacity,  L=1.5 m 
 
 
` 
148 
 
Figure B.3 : Calculations for column compression capacity,  L=1m 
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Figure B.4 : Calculations for column compression capacity,  L=0.8 m 
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        Figure B.5 : Check for Combined Bending and Compression, C49 WB5. 
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   Figure B.6 : Check for Combined Bending and Compression, C49-1 W5. 
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    Figure B.7 : Check for Combined Bending and Compression, C127, WA10. 
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Figure B.8 : Calculations of the capacity of beam sections under bending moment. 
 
 
Figure B.9 : Calculations of the capacity of beam sections  under shear forces. 
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